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INSTITUTE NEWS AND RADIO NOTES | 


December Meeting of the Board of Directors 


A meeting of the Board of Directors was held on December 4 in the 
Institute office and those present were: Stuart Ballantine, president; 
Alan Hazeltine, president-elect; Melville Eastham, treasurer; E.H. 
Armstrong, director-elect; Arthur Batcheller, H. H. Beverage, director- 


elect; Alfred N. Goldsmith, Virgil M. Graham, R. A. Heising, J. V. L.. 


Hogan, F. A. Kolster, George Lewis, E. L. Nelson, Haraden Pratt, 
H. M. Turner, A. F. Van Dyck, L. E. Whittemore, William Wilson, 
and H. P. Westman, secretary. . 

Thirty-six applications for Associate and four for Student grades of 
membership were approved. 

Because the first Wednesday in January is New Year’s Day, the 
January meeting of the Board of Directors and the New York meeting 
will be held on January 8. ; 

A report on the Rochester Fall Meeting held on November 18, 19, 
and 20 gave a total registration of 336 of whom 294 were from out of 
town. Approval was granted for the holding of the 1936 Rochester Fall 
Meeting on November 16, 17, and 18. 

A petition for the establishment of an Emporium Section was ap- 
proved. ; 

The Emergency Employment Service reported a total registration 
of 790. During the month of November, eleven placements were made, 
four of which were considered to be permanent in nature. 


ad 


Radio Emissions of Standard Frequency 


The National Bureau of Standards provides standard frequency 
emissions from its station WWV at Beltsville, Md. On each Tuesday 
and Friday the emissions are continuous unmodulated waves and on 
each Wednesday they are modulated by an audio frequency, generally 
1000 cycles. There are no emissions on legal holidays. i 

On all schedules three radio carrier frequencies are transmitted as 
follows: noon to 1 p.m., Eastern Standard Time, 15,000 kilocycles; 1:15 
to 2:15 P.M., 10,000 kilocycles; and 2:30 to 3:30 r.m., 5000 kilocycles. 
The accuracy of these frequencies will at all times be better than a part 
in five million. 

During the first five minutes of each transmission announcements 
are given of the station call letters, the frequency of transmission, and 
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the frequency of modulation, if any. For the CW emissions, the an- 
nouncements are in telegraphic code and are repeated at ten-minute 
intervals. For the modulated emissions, the announcements are given 
by voice only at the beginning of each carrier frequency transmission, 


' the remainder of the hour being an uninterrupted audio frequency. 


The CW emissions are from a twenty-kilowatt transmitter and the 
modulated transmissions are from a one-kilowatt set. 

Information on how to utilize these signals is given in a pamphlet 
obtainable on request from the National Bureau of Standards, Wash- 
ington, D. C. Reports from those using this service will be welcomed 
by the Bureau. As the modulated emissions are somewhat experimental 
it is particularly desired that users report their experiences outlining 
methods of utilization, information on relative fading, intensity, ete., 
on the three carrier frequencies and preferences as to the audio fre- 
quency to be furnished. 


Committee Work 
MEMBERSHIP COMMITTEE 


A meeting of the Membership Committee was held on December 4, 
1935, in the Institute office and was attended by I. 8. Coggeshail, 
chairman; F. W. Cunningham, H. C. Humphrey, C. R. Rowe, E. W. 
Schafer, C. E. Scholz, E. D. Cook, R. L. Snyder, and C. B. DeSoto. 
The latter three appeared in response to an invitation to the sections 
to send representatives. 

The general subject under consideration was methods of increasing 
membership activity within the sections and of coördinating it with the 
work of headquarters Membership Committee during 1936. Several 
helpful suggestions were received from the delegates and by corre- 
spondence, and positive action was taken on matters introduced by the 
Fhiladelphia and Chicago Sections. 


New York PROGRAM COMMITTEE 


A meeting of the New York Program Committee was held in the 
Institute office on December 6 and those present were: George Lewis, 


‘chairman; H. H. Beverage, R. A. Heising, Alan Hazeltine, A. F. Van 


Dyck, and H. P. Westman, secretary. 
A tentative program was drawn up covering the New York meet- 
ings for the first three months of 1936. 
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STANDARDIZATION 
IRE STANDARDS EXECUTIVE COMMITTEE 


A meeting of the Executive Committee of the Institute’s Standards 
Committee was held in the Institute office on December 12 and was 
attended by Haraden Pratt, chairman; H. F. Olson, J. C. Schelleng,: 
B. E. Shackelford, and H. A. Wheeler. ees 

Reports onthe activities of the various technical committees were 
considered and it is probable that three of these committees will turn 
over their finished work to the Standards Committee for consideration: 
early in 1936 ae 


TECHNICAL COMMITTEE ON ELECTRONICS—IRE 


The Technical Committee on Electronics of the Institute met in the 
Institute office on December 5 and those present were: R. W. Larsen,. 
E. A. Lederer, George Lewis, G. F. Metcalf, O. W. Pike, P. T. Weeks,. 
R. M. Wise, and H. P. Westman, secretary and acting chairman. 

The material covering the testing of vacuum tubes, graphical sym- 
bols, and letter symbols, prepared by its five subcommittees, were 
reviewed by the committee and final action taken. This material is 
now in final shape for submission to the Standards Committee. 


TECHNICAL COMMITTEE ON RecreIvers—IRE 


-A Subcommittee on Definitions of the Technical Committee on 
Receivers‘of the Institute met in the Institute office on November 26. 
and those present were: H. A. Wheeler, acting chairman; A. V. Lough- 
ren, and H. P. Westman, secretary. The definitions considered at the 
previous meetings of the committee were reviewed and some changes 
made in them. The remaining definitions in the 1933 report which were 
of interest to this committee were reviewed. 


TECHNICAL COMMITTEE ON TRANSMITTERS AND ANTENNAS—IRE. | 


A meeting of the Technical Committee on Transmitters and An- 
tennas of the Institute was held on November 25 in the Institute office 
and those present were: J. C. Schelleng, chairman; Raymond Asserson, 
i. B. Ferrell, Raymond Guy, D. G. Little, E. G. Ports, and H. P. 
Westman, secretary. a 

The committee reviewed the report on antennas submitted by its 
subcommittee and now has only definitions and symbols to complete 
in order that its final report may be prepared. 
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Institute Meetings 


CHICAGO SECTION 


A meeting of the Chicago Section was held on November 15 in the 
RCA Institute’s auditorium. Alfred Crossley, chairman, presided 
and 120 members and guests were present. Twelve attended the in- 
formal dinner which preceded the meeting. 

A paper on “The Broadcast Antenna” was presented by V. G. 
Andrews of Doolittle and Faulkner. In it, Dr. Andrews outlined the 
reasons for the new developments in antenna systems used for broad- 
casting and the results to be achieved in the way of fading reduction, 
improved efficiency, and increased low angle radiation. He described 
various methods of top loading for obtaining uniform cross section, and 
covered the design of ground systems. Modes of oscillation of various 
antennas were covered as well as means to achieve them. The principles 
of the design involved in eåch case were given and existing antenna 
structures cited as examples. 

The second paper, by Ernest Kohler, an engineer for the Ken-Rad 
Corporation, was on “Metal Radio Tubes.” It covered a technical 
description of the tubes and the mechanics and problems of their con- 
struction. Specific details of the processes used in their manufacture 
were given. Numerous comparisons with the glass type tubes with 
particular reference to improvements or losses due to the structures 
found necessary in the new types were given. It was emphasized that 
the losses in operation are not in general of a consequential nature. 

A nominating committee to propose a slate of officers to be voted 
on at the December meeting was appointed. 


CINCINNATI SECTION 


A. F. Knoblaugh, chairman, presided at the November 12 meeting 
of the Cincinnati Section held at the University of Cincinnati. Fifty- 
six members and guests were present. 

A paper on “Problems and Requirements of High Fidelity Speaker 
Systems” was presented by H. §. Knowles, chief engineer of Jensen 
Radio Manufacturing Company. He prefaced the paper with a brief 
discussion of some of the fundamental] concepts of auditory phenomena 
and then proceeded to prove that at the present time at least, it is 
impossible to provide strictly high fidelity reproduction because the 
polar characteristic of the Program source cannot be reproduced over 
existing single channel transmission systems. The problems involved 
in designing reproducers free from amplitude distortion were covered. 
It was shown that a reproducer when excited at a given frequency will 
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develop a subharmonic when the input level exceeds a certain value 
tending to create the illusion that the fundamental pitch has dropped 
an octave. He concluded by showing that a loud speaker is actually a 
pair of coupled resonant circuits and demonstrated this by curves of 
speakers having two resonant peaks. Equalizer circuits by means of 
which these peaks could be removed were described. Messrs. Bruning, 
Knoblaugh, Rockwell and others participated in the discussion. $ 
The Nominating Committee presented its recommendations for 
officers for 1936 and these will be voted on at the December meeting. 


CONNECTICUT VALLEY SECTION 


On November 6, the Connecticut Valley Section met in the Hart- 
ford Electric Light Auditorium, Hartford, Conn. J. A. Hutcheson, 
chairman, presided and twenty-three were present. 

A paper on “Radio Communication in Railroad Operation” was 
presented by S. G. Ellis, a radio engineer for the Westinghouse Electric 
and Manufacturing Company. In it, he described development work 
on radio equipment for trains and commercial equipment which re- 
sulted from the experimental program. The experimental work was 
done with transmitters of 1.5 and 15 watts power and receivers of both 
the superregenerative and superheterodyne types. Work was done on 
trains from sixty to one hundred and twenty-five cars in length under 
temperature conditions varying from subzero to 140 degrees, in snow, 
ice, rain, and fog for a period of time totaling 1500 hours of work while 
traveling 36,000 miles. Charts illustrating relative performance and 
photographs showing the difficulty of antenna and apparatus place- 
ment were shown. i 

The commercial train communication system developed consists 
of a 25-watt transmitter employing two 801 tubes modulated by a sim- 
ilar pair driven by a 59, and shock-mounted in a weatherproof steel 
box. The transmitter operates between 30 and 40 megacycles with a 
half-wave horizontal antenna made of a three-fourth-inch brass pipe. 
The receiver is an eight-tube superheterodyne with four watts of audio 
output, automatic volume control, and five-microvolt sensitivity. All 
equipment is dynamotor driven from a separate battery bank. The 
paper was discussed by Messrs. Bond, Lamb and others. 


DETROIT SECTION 


A meeting of the Detroit Section was held on October 18 in the 
Detroit News Conference Room and was presided over by A. B. Bu- 
chanan, chairman. Forty were present at the meeting and ten at the. 
dinner which preceded it. 
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“The Use of Radio in Commercial Aviation” was the title of a paper 
by E. G. Kowalski who is radio control operator of the Detroit City 
Airport. He covered first radio as an aid to aerial navigation and dis- 
cussed the keam system and the weather collecting stations operated 


' by the government. He then considered the point-to-point system pro- 
vided by individual companies to give specific information to pilots 


and to enable them to obtain instructions and information while 
flying. The third part covered the system used at air terminals in 
directing plane traffic. It is furnished by airports to supply incoming 
and outgoing planes with information regarding wind direction and 
velocity, visibility, and other air trafic conditions as well as such 
specific instructions on landing, taxiing, and taking off as are needed. 
This system is of short range and is used only when the plane is within 


five minutes of the airport. ` 


The November meeting was held on the 22nd in the Detroit News 
Conference Room and presided over by Chairman Buchanan. Thirty- 
four attended the meeting and twelve were at the dinner which pre- 
ceded it. 

“The Use of Public Address Equipment in Safety and Educational 
Fields and in Traffic Control” was the subject of three papers. The 
first of these by E. Anderson of the Research Department of the De- 
troit Board of Education, covered the educational aspects of the sub- 
ject. He described the equipment used in the schoo] system in Detroit. 
He discussed the use of educational Programs, particularly the travelog 
series, and showed how the stimulation received by the students could 
be made use of by the classroom teacher. Methods of teaching through 
use of radio programs were outlined. 

The second speaker was G. Mulholland of the Safety Division, 


First Precinct, Detroit Police Department. He described the experi- 


technical aspects of the equipment used in the sound cars and on the 
streets by the police department, Difficulties involved ‘in providing 
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sufficient sound energy to overcome street noises were described. He 
outlined briefly the troubles encountered in the sound-car equipment 
and finished his paper with a description of some of the later installa- 
tions of centralized radio equipment in schools. 


EMPORIUM SECTION 


The first meeting of the newly established Emporium Section was 
held at the Sylvania Club on December 12. The temporary chairman, 
E. F. Carter, appointed a nominating committee which presented a 
slate of officers who were unanimously elected. These are Raymond 
R. Hoffman as chairman, Herbert Ehlers as vice chairman, and L. 
E. West as secretary-treasurer. 

A short historical sketch of the Institute and its section activities 
was given by H. P. Westman, national secretary. Charles Marshall of 
the Chicago office and George C. Connor of the New York office of 
the Hygrade Sylvania Corporation described the activities of the 
field engineer. It was pointed out that not only did they contact and 
assist in clearing up difficulties encountered by radio receiving set 
manufacturers but a substantial proportion of their time is devoted 
to problems connected with the nonradio applications of tubes. The 
papers were discussed by Messrs. Graham, Kievit, Jones, and West. 
Sixty-five members and guests were present. ` . 


New York MEETING 


The December 4 New York meeting was devoted to a “Review of 
Radio Developments during 1935.” This review was divided into five 
parts and that on “Radio Communication in the Fixed Services” 
was covered by C. H. Taylor. Because of his inability to be present, 
the paper was read by H. H. Beverage. The second part on “Radio 
Communication in the Mobile Services” was presented ‘by C. N. 
Anderson. “Radio Broadcast Transmission” by C. M. Jansky, Jr., 
was presented in his stead by S. L. Bailey. R. H. Langley prepared a 
report on “Radio Broadcast Reception” which was read by J. NVa 
Hogan. The “Allied Fields” were treated by O. H. Caldwell. 

It is anticipated that these papers will be published in an early 
forthcoming issue of the PROCEEDINGS. The meeting was attended by. 
350 members and guests. 


PITTSBURGH SECTION 


In place of a regular meeting at which papers are presented, the 
November 19 mecting of the Pittsburgh Section was devoted to a tour 
of inspection of broadcast station WOCAN, The attendance was forty- 
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“four and J. G, Allen, vice chairman, was in charge. The new five- 
thousand-watt RCA transmitter together with its control and moni- 


of the station at the time of the visit. 


SEATTLE SECTION 


A meeting of the Seattle Section was held on October 4 at the Uni- 
University of Washington and presided over by R. C. F isher, chair- 
‘man. Sixty were in attendance. 
“Doubling the Available Radio Channels” was the subject of a 
paper by J. R. Woodyard, instructor in the 
‘Department of the University of Washington. In it, he described the 


mitting two programs sim 


The November meeting of the section was held at the University of 
Washington. F orty-two were present and Chairman Fisher presided. 
A paper on “Interpretation of Patents” was presented by Paul 
Bliven, a patent lawyer. In it he described the historical background 
of the patent’ system which lies in thdse ancient monopolies granted to 
people bringing goods from the Orient to En 
‘ paper outlined the fundamental r 
among which are novelty, invention 
“the various subject matter for which patents 


ns. The meeting closed with a discussion of 
ineers Licensing Law. 
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ToRONTO SECTION 


The Toronto Section met on October 28 at the University of To- 
ronto. L. M. Price, chairman, presided and fifty-two members were 
present. 

«New Developments in the Reproduction of Speech and Music” 
was the subject of a paper by R. A. Hackbusch, chief engineer of the 
Stromberg-Carlson Telephone Manufacturing Company of Canada. 
He outlined the complete system of transmitting and receiving sound 
by radio and pointed out the limiting factors which determine the 
over-all effectiveness of the system. He then analyzed the receiving 
system in detail and pointed out the faults of loud speakers and 
methods of overcoming them by changes in design and the use of 
suitable materials. The limitations imposed by cabinets were then 
sketched and the acoustical labyrinth developed to overcome these 
limitations covered. The use in conjunction with high-frequency loud 
speakers of deflecting vanes to modify the distribution patterns of 
their sound output was described, A demonstration using both re- 
corded material and radio broadcast programs was given through the 
use of a high fidelity receiver. A graphic reproduction of the function- 
ing of the fidclity control was also demonstrated with a cathode-ray 
oscillograph, A general discussion was participated in by Messrs. 
Bayley, Blatterman, Smith and others. 


WASHINGTON SECTION 


A meeting of the Washington Section was held on October 14 at 
the Potomac Electrice Power Company auditorium. It was presided 
over by E. K. Jett, chairman, and attended by seventy-five. Twenty- 
five were present at the informal dinner which preceded the meeting. 

Two ‘speakers treated the subject of “The Enforcement of Radio 
Laws, Rules, Regulations, and Treaties.” These were G. E. Sterling, 
inspector-in-charge of the Fourth Radio District and C. A. Ellert of 
the Broadeast Section, Engineering Department of the Federal Com- 
munications Commission. Mr. Sterling treated the subject from the 
angle of the duties of a radio inspector in a federal office and.at the 
monitoring stations of the Federal Communications Commission. 
Mr. Ellert described the apparatus and the operation of the monitoring 
stations giving détails of methods used to insure accuracy. The papers 
were discussed by Messr. Burgess, Dorsey, and Gillett. 


The November meeting of ‘the section was held on the 11th and 
was attended by 180. Forty were present at the dinner which pre- 
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ceded the meeting. It was held in the Potomac Electric Power Com- 
pany auditorium and presided over by Chairman Jett. 

“Some New and Practical Applications of the Cold Cathode Tube” 
by P. T. Farnsworth and R. L. Snyder of Farnsworth Television, Ine., 
was presented by the authors. Several types of cold cathode tubes 
were described. They were used ag oscillators and amplifiers which 
depend on the effects of secondary electron emission for multiplying a 
very small photoelectric current. A reduction in noise level as compared 
with thermionie tube amplifiers as high as 100 to 200 times was claimed. 
Amplification of as high as 240 decibels and oscillator efficiencies of 
65 to 95 per cent were specified. Tubes may be used to advantage for 
frequency multiplication as it is possible to adjust the circuit constants 
to emphasize harmonics greatly. When operated as a photocell and 
amplifier combined, a single tube operated a loud speaker directly 
from a sound film, A fifty-watt oscillator was demonstrated as a tele- 
phone.transmitting tube and several other models of tubes were shown. 
The paper was discussed by Messrs. Burgess,’ Dorsey, Mellwraith, 
Sterling, and Stevens. The nominating committee appointed at the 
October meeting submitted its report which will be voted on at the 
next meeting. 


Personal Mention 


S. P. Acuna formerly with Revista Telegrafica has established a 
consulting practice and has become technical editor for the publica- 
tions of the Radio Club Argentino at Buenos Aires, Argentina, 

Benjamin Adler of the RCA Manufacturing Company has been 
transferred from Atlanta, Ga., to Camden, N. J. 

Previously with the Federal Communications Commission, J. H. 
Barron has established a consulting practice with headquarters in 
Washington, D. C. 

Previously a television consultant, Ivan Bloch has joined the staff 
of the Electric Home and Farm Authority at Washington, D. C. 

R. L. Clark of the Federal Communications Commission has been 
transferred from Detroit, Michigan, to Washington, DAC, 

C. B. Jolliffe formerly with the Federal Communications Commis- 
sion is now engineer-in-charge of the RCA Frequency Bureau at 30 
Rockefeller Plaza, New York City. . 

T. A. M. Craven has relinquished his consulting practice to become 
chief engineer for the Federal Communications Commission, Washing- 
ton, D. C. 

F. H. Engel of the RCA Manufacturing Company has been trans- 
ferred from Harrison, N. J., to Camden, N. J. 


Proceedings of the Institute of Radio Engineers 
Volume 24, Number 1 January, 1936 


TECHNICAL PAPERS 


THE BROADCAST ANTENNA* 


By 
A. B. CHAMBERLAIN AND W. B. LODGE 
(Columbia Broadcasting System, New York City) 


Summary— During the past several years, the trend in broadcast transmitting 
antennas has been towards the vertical radiator. The performance of these newer 
antennas has been subject to considerable theoretical discussion. This paper, how- 
ever, emphasizes the actual field results obtained with tower radiators, and presents 
data on efficiency, base voltage, base loss, practical design considerations, and cost. 

Tt is concluded that the conventional broadcast antenna supported by two towers, 
as used in the past, is definitely outmoded by the single vertical radiator, or, in special 
cases, by a combination of vertical radiators in a directional array. Antennas used 
in the broadcast band only, 550 to 1500 kilocycles, are considered. 


INTRODUCTION 


mercial considerations. A broadcast station whose income is de- 

rived from advertising sales must usually concentrate on its 
primary service area. This may be defined as the area in which any 
home having an average receiver, and desiring to listen to the program 
transmitted, can receive a satisfactory signal, free of noise and fading. 
Uncertain, irregular reception at long distance has some prestige value 
but it seldom contributes to the income of the station. In general, the 
broadcast receiver is now used to bring entertainment into the home, 
little interest being shown in the fading, noisier signals of distant trans- 
mitters. 

In broadcasting, the power output of the transmitter is limited, 
by both economic and regulatory factors. The problem, then, is to con- 
centrate all of the available radio-frequency power on the primary 
service arca. Only a small fraction of this power is now directed at the 
population it is desired to serve, most of the power being directed to- 
ward the ionosphere and reflected back to carth at distant points. 

Increasing the signal intensity in a horizontal direction is only part 
of the problem. In the case of higher powered transmitters, nighttime 
fading starts many miles before the field intensity becomes too weak 
for a satisfactory signal. Radiation above the horizon is completely 


T HE design of a broadcast antenna is governed largely by com- 


_ * Decimal classification: R320. Original manuscript received by the In- 
stitute, May 31, 1935. Presented before New York meeting, April 3, 1935; 
presented before Washington Section, March 11, 1935. 
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lost during the daylight hours, this power being robbed from the uge- 
ful signal. At nighttime, however, conditions are changed so that some 
of the radiation at angles between forty degrees and seventy degrees 
above the horizon is returned to carth forty to one hundred and fifty 
miles from the transmitter, This reflected signal is of negative value 
since its Variation in phase and amplitude causes it to interfere with the 
signal arriving directly from the transmitting antenna, At night the 
primary service area ends at that distance from the transmitter where 
the reflected signal approaches the directly transmitted signal in in- 
tensity. 

Many experienced antenna engineers doubt the probability of re- 
directing the high angle radiation and concentrating it along the hori- 
zon. Such a development in broadcast antennas would inerease the 
commercial value of the radio station far more than a simple increase 
in transmitted power. We believe the limit. has by no means been 
reached in the improvement of broadeast transmitting antennas. 


ANTENNA System Losses 


The output of a radio station is usually fed to the antenna over a 
transmission line. The radio-frequency power is then dissipated as 
follows: 

1. Radiation 

(a) Along the horizon to receiving sites. Usually the zone be- 
tween zero and ten degrees above the horizon includes all 
such sites. 

(b) Towards the ground; partially refleeted back at angles above 
the horizon and partially dissipated in the earth. 

(c) Into space; either lost or reflected back to receiver sites; 

_ causes fading; gives long-distance reception. 

2. Transmission line loss in form of heat and radiation. 

3. ‘Coupling equipment loss. 

(a) Heat losses caused by resistance in units. 

(b) Transfer of radio-frequency energy to nonradiating surfaces, 
hence heat loss. 

4. Resistive loss of ground system. 

5. Dielectric loss at base of antenna. 

6. Resistive loss of actual antenna. 

7. Power picked up by near-by metallie objects (towers, guys, 

power wires, building framework, ete.) and either dissipated in 

the form of heat, or reradiated. i 


There arè`other losses which absorb smaller percentages of the 
radio-frequency power., However, of the divisions of power listed above, 
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only the first one, radiation along the horizon, is of value to the broad- 
caster. 

There is little accurate quantitative data available as to the strength 
of the signal radiated above the horizon by different types of ‘anten- 
nas.’ In the case of the vertical radiator there have been extensive 
mathematical discussions giving the signal distribution in a vertical 
plane.?+.54.6 Attempts have been made to fix the exact height of various 
types of vertical radiators to minimize the sky-wave signal at points 
which would otherwise remain outside of the primary service area of 
the station. To make an actual check of this theory in practice requires 
measurements in space above, the antenna or an extensive study of the 
reflected sky wave at various distances from the transmitter. 

In the case of low powered stations operating at the same frequency 
simultaneously, fading is not usually a consideration of importance 
because interference from the side bands of one of the other stations 
on that frequency ordinarily takes place at a distance from the trans- 
mitter much less than the distance to the fading wall. Thus, the 
primary service area of such a station is limited by cross talk. The 
first consideration is to obtain a maximum signal along the ground, 
usually in all directions. In the case of ‘high power clear channel sta- 
tions, there are no other stations utilizing the same frequency. A 
serviceable signal from such a station extends out into the zone which 
is affected by fading. At these stations, it is important to consider both 
the signal along the ground and a reduction in fading. An antenna is 
required which will be as effective as possible in minimizing fading. 


EVOLUTION OF THE BROADCAST ANTENNA 


The early broadcast antenna consisted of a pair of steel or wooden 
masts supporting an antenna structure usually consisting of a vertical: 
wire, or cage, with or without a horizontal scction consisting of a flat 
top, or cage. This latter type was known as the “T” or “L” type 
antenna. It is interesting to note that the majority of broadcast sta- 
tions in operation today employ this older type of antenna. Most of 
these have a natural wavelength less than one quarter of the operating 


_ | Stuart Ballantine, “High quality radio broadcast transmission and recep- 
tion,” Proc. I.R.E., vol. 22, pp. 564-629; May, (1934). 

2 J. A. Stratton and H. A. Chinn, “Radiation characteristics of a vertical 
half-wave antenna,” Proc. I.R.E., vol. 20, pp. 1892-1913; December, (1932). 

2A. Sommerfeld, “Uber die Ausbreitung der Wellen in der drahtlosen Tele- 
graphie,” Ann. der Phys., vol. 28, pp. 665-736; (1909). 

1 F. Eppen and A. Gothe, “Uber die schwundvermindernde Antenne des 
Chee Breslau,” Elect. Nach, Tech., vol. 10, pp. 173-181; March, 

5 O. Bohm, Telefunken-Zeit., no. 57, pp. 30, 31, (1931). 

t M. J. O. Strutt, “Strahlung von Antennen unter dem Einfluss der Erdbo- 
deneigenschaften,” Ann. der Phys., ser. 5, vol. 1, pp. 721-750, (1929). 
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wavelength. Later, it was realized that some gain would be made if 
larger antennas were employed. Therefore, the same type of antenna 


was used, but the natural wavelength was increased to one-third or d 


three-eighths wave. In 1924 this problem was investigated’® and it 
was shown that a marked gain would result if higher antennas were 
used. Seven years later, in 1931, two such antennas® were erected at 
stations WNAC-WAARB, Boston, and WABC, New York, stations 
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Fig. 1—The evolution of broadcast antennas—signal output. 


of the Columbia Broadcasting System. The electrical gains expected 
from these antennas have been realized in practice. During the past 


$ P. P. Eckersley, “Calculation of the servic £ Ca 
Proc. I.R. E., vol. 18, pp. 1160-1193; July, (1930) A pepe 
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attention has also been given to the self-supporting type which has 
made an appearance in the field. It appears that the guyed type of 
vertical mast antenna, or the self-supporting type of mast antenna, is 
superior to the older conventional antennas, electrically, physically, 
and economically. 


BROADCAST ANTENNA EFFICIENCIES 


A study of Fig. 1 indicates the evolution of broadcast antenna 
efficiencies, and shows, conclusively, that the higher mast type antenna 
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Fig. 2—The evolution of broadcast antennas—comparative power output. 


is much better than the older conventional types from an electrical 
viewpoint. Early broadcast antennas produced an effective field in- 
tensity of as little as 100 millivolts per meter at one mile for: one- 
kilowatt antenna input power. The average of fourteen conventional 
typeantennas, recently measured, shows that with one-kilowattantenna. , 
input power the effective field intensity is 169 millivolts per meter at 
one mile. The average of five self-supporting type mast antennas, 
from 0.20 to 0.35 wavelength high, shows an average field intensity of 
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204 millivolts per meter, and measurements made at eight 0.58 wave- 
length antennas shows the average field intensity to be 247 millivolts! 
per meter at one mile. There is one guyed type vertical mast antenna 


electrically than the older conventional types. 


ANTENNA TERMS 
Antenna E ficiency 
One of the most commonly used terms is “radiation efficiency” 
or “antenna efficiency.” Theoretically, this efficiency should represent 


Thus, 100, 125, 187, 194, and 265 millivolts permeter at one mile for 


cent efficiency.” 

The Engineering Department of the Federal Communications Com- 
mission has arbitrarily defined antenna efficiency as follows: “The 
antenna efficiency equals 100 per cent if the cffective field intensity of 
the station at one mile, per kilowatt antenna input power, is equal to 
265 millivolts per meter,” 

F? X 100 
265? X P 


Aert = antenna efficiency in per cent 


F =effective field intensity at one mile, 
expressed in millivolts per meter! 


Actually, whatever the means used to express it, antenna efficiency 
can only tell the engineer the signal intensity at a given distance, along 


u The measured root-mean-square value of all field intensiti 
from the antenna in the horizontal plane is term 
(F)? 
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the earth’s surface, for a certain antenna input. Efficiency ratings at 
present are very ambiguous, and since there appears to be no one 
fundamental value upon which to base efficiency ratings, it is hoped 
_that the method of rating antennas simply in terms of the actual signal 


Fig. 3—-W BT guyed vertical radiator. 


output in millivolts per meter at a given distance for one unit of 
radiated power will be generally adopted by engincers. 


Antenna Length 

Early antennas were described in terms of their fundamental wave- 
length. This was the longest wavelength at which the antenna had zero 
reactance and the mode of operation of the antenna was given by the 
ratio of operating wavelength to fundamental wavelength. . 
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Theoretically, a wire in free space will have zero reactance whenever 
it is any number of quarter wavelengths long; that is, it will have zero 
reactance when its length is one quarter, one half, three quarters, etc., 
of a wavelength. Measurements indicate, however, that a vertical wire 
antenna above earth of finite conductivity has zero reactance at dis- 
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Fig. 4—WDOD self-supporting vertical radiator. 


tances about four per cent shorter than the above values; that is, the 
velocity of propagation along the wire is 0.96 of the free space velocity. 

The guyed vertical radiator departs materially from the configura- 
tion of a single vertical wire. (See Lie) Onis scale trug of the 
self-supporting radiator. (See Fig. 4.) Because of this, the impedance 
characteristics of such radiators differ from theoretical values obtained 
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with a vertical wire over earth of finite conductivity. Measurements 
have been made on a number of vertical radiators. The results of such 
measurements, showing the resistance and reactance characteristics 
at the base of such antennas, are shown in Figs. 5 and 6. 

Referring to the impedance characteristics of the guyed mast, Fig. 
5, a “half-wave” antenna of this type, is physically only 0.45 of a 
wavelength high. Following the above method of argument, it could be 


teen 


rae WW 


iia 


UA 


S/H 


RESISTANCE AND REACTANCE - OHMS 


PHYSICAL HRIGHT~ FRACTION Of A WAVELENGTH 


Fig. 5—Antenna characteristics including five existing 
guyed radiators, resistance R and reactance X. 


said that the propagation velocity of this type of antenna is only 90 
per cent of the theoretical velocity. Further, if reference is made to 
Fig. 6 which gives the impedance characteristics of the self-supporting 
vertical radiator, it could be argued that the velocity of propagation is 
66 per cent of the theoretical velocity. 

This method of reasoning is based upon the assumption of a sinu- 
soidal distribution of current on the antenna. This assumption is not 
justified in practice.“ Tt also assumes there is no lumped capaci- 


2E. A. LaPort, “Increased efficiency from tower antennas—-a review,” 
Electronics, vol. 7, pp. 238-248; August, (1934). 
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tance in the antenna itself. When the equivalent circuit of the antenna 
is considered, it may be seen that this circuit can be tuned to zero re- 
actance at almost any frequency by the choice of a proper shunt con- 
denser. This is exactly what occurs in the case of the self-supporting 
tower. ` 

If a four to five hundred foot guyed mast and a similar self-support- 
ing tower of a conventional design were measured, it is estimated that 
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Fig. 6—Average antenna characteristics of three existing self-supporting 
radiators showing resistance and reactance. 


the capacitance to ground of the first thirty or forty feet of the wide 
base tower would exceed that of the former structure by at least 800 
micromicrofarads (including insulators). Taking a guyed mast, 0.47 
of a wavelength high, operating at 1080 kilocycles, as an example, Fig. 
5 shows its impedance to be 400-360 ohms. If an 800-micromicrofarad 
condenser were shunted across the base insulator, the measured im- 


13 Hans Roder, “Discussion on high quality radio b ing,” 
LRE., vol 23, pp. 256260; March, CE a a ee eS 
i 4 H. E. Gihring and G. H. Brown, “General consider ti 7 
for broadcast use,” Proc. I.R.E., vol. 23, pp. 311-356; uae Saeco 
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pedance at 1080 kilocycles would be 
— j178(400 —j60) 
(400 — j60) + (— j178) 


The impedance of this mast was thus made similar to that of a 
wide base self-supporting tower which is given in Fig. 6. Yet no one 
would argue that the velocity of propagation on the mast itself had 
changed. 

It is our belief in connection with vertical antennas involving struc- 
tures whose entire length is not of uniform cross section that for the 
present: 

1. The terms “electrical length” and “velocity of propagation” have 

no significant value. 

2. Engineers working with these antennas should standardize on 

physical height (in fractions of a free space wavelength) as a 
method of describing the antenna dimensions. 


= 63 —j133 (ohms). 


GENERAL CONSIDERATIONS 


Either the self-supporting or the guyed radiator can be erected at 
less cost than a two-tower conventional antenna of the same height. 
It has far greater reliability of operation, has a lower maintenance cost, 
and the distribution of power is not influenced by supporting structures 
which tend not only to distort the field pattern, but also to lower the 
antenna efficiency. The self-supporting antenna has a very practical 
application in the cases of broadcast transmitters which are located on 
tall buildings where it is sometimes difficult to erect the older type of 
antenna system because of physical limitations. However, if an ade- 
quate ground is provided, a moderately efficient “antenna system can 
be erected atop a tall building through the use of a vertical mast 
antenna. 

During the past, broadcast engineers have been very hesitant in 
adopting the vertical mast antenna, particularly the wide base, self- 
supporting type, because of a fallacy which has existed with regard to 
high base capacitance being directly related to loss in efficiency. 

During the past two years a number of self-supporting towers have 
been erected, usually with strict limitations on insulator capacitance 
and tower capacitance to ground. The fear of base capacitance has 
continued up to the present and measurements of the signal ouput of 
these antennas operated at higher frequencies led to the conclusion that 
they would be unsatisfactory for use at heights greater than 0.35 or 
0.40, of a wavelength. In 1934 measurements were made which 


16 John Byrne, Ohio State University, paper not published. 
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showed that the loss in efficiency was due to dicleetric losses in the 
earth near the tower base. With this fact established, it was simply a 
matter of reducing the radio-frequency voltage gradient in the soil at 
this point. 

Self-supporting vertical antennas have appeared having the first 
eight or ninety feet constructed of wood, and the radiating section 
above, insulated from the wood. Various other modifications of the 
self-supporting structure were developed, including all-steel designs 
which insert the base insulators ten to thirty feet above ground. 
Another satisfactory solution has been to construct a well-grounded 
copper mat or ground screen beneath the tower, thus greatly reducing 
the high voltage normally impressed across the earth at the tower 
base. At station WDOD, Chattanooga, Tenn., measurements were 
made recently which substantiate this point. The station uses a self- 
supporting tower 0.42 wavelength high, and has installed two sets of 
insulators, one just above ground, and the other set approximately 
twenty feet above ground. It has been found, by measurement, that 
the same antenna efficiency can be obtained using either the higher set 
of insulators or the lower set of insulators, However, if the lower set of 
insulators is used, it becomes necessary to install a ground screen to 
reduce the dielectric losses at the base of the antenna. Such a screen 
should be erected on or above the earth at the tower base. It should be 
constructed of noncorrosive metal of good conductivity. The screen 
must be well connected to the ground system proper. Under normal 
operating conditions, the ground screen should cover as large an area 
as is economically feasible, It should, under all circumstances, extend 
at least ten feet beyond the base of the tower in all directions. 

From the present data on broadcast antennas, it appears that the 
same antenna efficiency can be obtained with nearly any type of 
vertical mast antenna of a given height, providing the necessary pre- 
cautions are taken in design and erection, and providing the proper 
ground system is used. 


THE GROUND SYSTEM 


The proper design of the ground system for use with broadcast 
antennas has always been important, but the design of a ground sys- 
tem for use with high antennas becomes particularly important, as 
factors other than ground loss resistance must be taken into account. 
The radial ground system used with a high antenna should be large in 
diameter, have a radius equal to at least one-half wavelength, and be 
buried close to the earth’s surface. Fig. 7 shows the empirical relation- 
ship hetween antenna efficiency and ground radius, based on measure- 
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ments of thirty-five stations. The reasons for a large ground system 
are to reduce ground resistance loss, dielectric losses, and the absorp- 
tion of radiation directed towards the ground, to an absolute minimum. 

In the design of a ground system, it is necessary that the voltage 
between the base of the antenna and the ground be accurately esti- 
mated in order to reduce the losses previously mentioned. This informa- 
tion is also necessary in order that adequate insulation may be pro- 
vided. If impedance measurements have been made on antennas of 
the same general shape as the one contemplated, the voltage may be 
determined quite accurately in advance. Contrary to popular belief, 
the highest voltages encountered do not always occur in high resistance 
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Fig. 7—Empirical relation of signal output in millivolts per meter at one mile 
for one kilowatt rated power, to ground radius for different height antennas, 
based on measurements of thirty-five broadcast antennas. 

antennas. For instance, a vertical radiator, recently constructed, is 

0.47 wavelength high. It has a resistance of 200 ohms at the operating 

frequency. Its unmodulated fifty-kilowatt carrier voltage, at the base 

of the antenna, is 4200 volts root-mean-square. There is another fifty- 
kilowatt station in service, whose antenna resistance is fifteen ohms 
at the operating frequency. The impedance of this particular antenna 
is 140 ohms, thus, the base voltage is 8000 volts root-mean-square. 

Figs. 5 and 6 show the average resistance and impedance character- 

istics of self-supporting and guyed vertical radiators, and may be used 

in estimating base losses, insulation requirements, antenna current, 
antenna loading, and lighting circuit requirements. 


ANTENNA SITE 
The choice of a station location is definitely related to the antenna 
design. A site surrounded by soil of the highest possible conductivity is 
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advisable. Actually, the final choice of a station location is governed 
by considerations of cost and population distribution. Thus, the engi- 
neer must often design an efficient radiating system above soil of poor 
conductivity. 
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Fig. 8—Current in one conductor of a sixty-radial ground 
for vertical radiator (50 kilowatts). 


If the transmitting antenna is located over poor soil, the ground 
current will tend to avoid the high resistance carth path and will re- 
main on the lower resistance copper wires of the ground system. This 
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Fig. 9—Vertical polar diagram of a guyed mast antenna. 


is shown graphically in Fig. 8, the current on a single ground radial 
at two fifty-kilowatt transmitters. The antenna and ground systems 
of the two stations are practically identical, but WSM at Nashville 
was fortunate in obtaining a station location where the soil conductiv- 
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ity is considerably higher than at any which were available to WABC. 

The effect of soil conditions also is evident in the vertical polar pat- 
tern of the higher types of antennas, Fig. 9 shows the measured vertical 
polar diagram for a guyed mast antenna located in a part of Pennsyl- 
vania of comparatively low conductivity. Several studies have shown 
that the current. distribution on this antenna structure departs from 
the assumptions which give the desirable ealeulated pattern of Fig. 9." 
Earth of infinite conductity is also assumed in the calculations. Sky- 
wave and fading measurements indicate that the guyed mast anten- 
nas" of stations WLW and WSM which are surrounded by high con- 
ductivity soil, more nearly approach the theoretical vertical pattern 
than similar antennas with less favorable ground conditions, It is 
true that a more satisfactory tower configuration also contributes to 
this condition. 

DIRECTIONAL ANTENNAS 


A number of directional antennas have been constructed by broad- 
cast stations during the past. two years. Such installations usually em- 
ploy two or more guyed or self-supporting tower radiators. In some 
cases, two insulated towers are used to support one or more vertical 
cables, the towers and vertical cables all being used as a multiclement 
directional radiating system." 

The purpose of employing such systems is to fulfill specific interfer- 
ence reduction requirements, consistent with the rendering of maxi- 
mum public service. In several cases, directional antennas are used to 
inerease the radiated signal in the direction, or directions, of maximum 
potential coverage. 

Directional antenna systems have been installed at stations WJSV, 
Alexandria, Virginia, and at WKRC, Cincinnati, Ohio, stations of the 
Columbia Broadcasting System. These antennas are in operation at 
the present time. 

The WJSV antenna system consists of two vertical conductors 
suspended between two 150-foot steel towers, insulated at their bases. 
The antennas are three-eighths wave apart (9=135 degrees) and the 
current in the west antenna leads the current in the east antenna by 
one-eighth wave (0 =45 degrees). The ten-kilowatt WJSV transmitter 
is located about four hundred feet from the antenna system and power 
is transmitted from it to the antenna by a conventional 600-ohm two- 
conductor open-wire line. Proper phasing is obtained by using trans- 
mission lines to each element of such length as to obtain the desired 

16 J. H. DeWitt, Jr., Jour. Tenn. Acad. Sci., vol. 8, p. 95, (1932). 


17 J. F. Morrison, “Controlled radiation for broadcasting,” Bell Lab. Rec., 
vol. 13, pp. 232-237; April, (1935). 
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phase relations. The field intensity distribution in a horizontal plane 
is a flattened cardioid, with the minimum signal in an easterly direc- 
tion. Fig. 10 shows the horizontal polar diagrams of the WJSV conven- 
tional antenna and the directional antenna which is now in use. A 
minimum signal was desired, in this case, at a point one mile east of 
the station. It can be scen that a reduction in signal intensity of 
approximately 50:1 has been obtained. In order to determine the 
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Fig. 10—Signal at one mile—in millivolts per meter for ten 
kilowatts antenna input. power. 


stability of the system, an accurate automatic signal intensity recorder 
was installed one mile east of the WJSV antenna system, which re- 
cords the signal strength of this station continuously. This equipment 
has been in operation twenty-four hours a day since July, 1933. The 
automatic field intensity receiver is specially designed so that its 
sensitivity is independent of variations in ambient temperature, 
humidity, and power supply. 

The records obtained during the past eighteen months indicate that 
the stability of the WJSV antenna system is entirely satisfactory. Inas- 
much as the cardioid pattern is one of the most difficult to maintain, 
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experience at WJSV has definitely shown that, although desirable," 
it is, in this case, unnecessary to employ special means for maintaining 
pattern stability automatically. ; 

The directional antenna system at station WKRC is erected on the 
roof of the Hotel Alms, Cincinnati, Ohio, and consists of two self- 
supporting towers 154 feet high and one-eighth wave apart. (Space, 0 
=45 degrees.) The current in the north antenna leads the current in 
the south antenna by 140 degrees (0 = 140 degrees). Fig. 11 is a sche- 
matic diagram of this system. In order to obtain the proper phasing, a 
phase changing circuit is used because of the relatively short transmis- 
sion lines erected on the roof of a nine-story building. Each line, ap- 
proximately 110 feet long, has an electrical length of approximately 
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Fig. 11—Schematie diagram of the WKRC directional antenna system. 


thirty degrees. The additional eighty degrees is obtained by properly 
adjusting the artificial line. With this arrangement, the field intensity 
distribution in a horizontal plane, a pear-shaped pattern, satisfies the 
requirements of this case. Š 

If now appears that the use of this type of antenna will become 
more general in the future. Providing a directional antenna is- properly 
designed and installed, it is possible to predict accurately its space 
pattern in advance.!?° However, it is not always possible to predeter- 
mine the efficiency of such an antenna system. Directional antennas 
should find wide application when and if synchronized station opera- 
tion becomes more general. 


18 F, G. Kear, “Phase synchronization in directive antenna arrays with 
particular application to the radio range beacon,” Bur. Stand. Jour. Res., vol. 
11, pp. 123-139; July, (1933). 

19 G. L. Davis and W. H. Orton, “Graphical determination of polar pattern 
of directional antenna systems.” Bur. Stand. Jour. Res., vol. 8, pp. 555-569; 
RP435 May, (1932). 

2 G. Č. Southworth, “Certain factors affecting the gain of directive anten- 
nas,” Proc. I.R.E., vol. 18, pp. 1502-1536; September, (1930). 
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Tower LIGHTING AND PAINTING REQUIREMENTS 


Recommendations governing the marking of obstructions in the 
vicinity of airports and airways in the United States are set forth in 
detail in Aeronautics Bulletin No. 16.2 The general requirements, as 
they affect radio stations, are summarized below. 

Skeleton towers should be painted throughout their height with 
either alternate bands of chrome yellow or international orange (yel- 
low No. 4 and orange yellow No. 5, respectively, of Color Card No. 3-1) 
and black, or alternate bands of international orange and white, 
terminating with either chrome yellow or international orange bands 
at both top and bottom, depending on color combination used. The 
width of the chrome yellow or international orange bands should be 
one seventh the height of the structure for all structures less than 250 
feet in height, and from thirty to forty feet for structures over 250 feet 
in height. The black or white bands should be one half the width of the 
chrome yellow or international orange bands. 

For night marking an aircraft hazard, a red obstruction light con- 
sisting of a 100-watt lamp in a red waterproof globe should be mounted 
at the top of structure. 

For radio towers, or towers having a network of wires between 
the towers, additional fixed red lights consisting of fifty-watt lamps in 
waterproof globes should be mounted on diagonal corners at the one- 
third and two-thirds points and so arranged as to be visible from any 
angle of approach. 

Some areas which present a hazard to flying a civil airway may re- 
quire obstruction marking for night flying by the use of lights of the 
high intensity fixed projector type. The high intensity fixed projectors 
should be twenty-four-inch parabolic units using 1000-watt lamps with 
lamp changers, should be pointed so as to envelop and outline the areas 
over which flying should be restricted, and should be elevated so that 
the luminous beams of light will intersect at the height of the obstruc- 
tions to be cleared. In addition, such hazardous flying areas should be 
marked with one or more certified landmark beacons as conditions may 
require to give pilots a long range warning. Such beacons should be 
similar to the 300-millimeter airways electric code beacons of the 
double Fresnel lens type with two 500-watt lamps and aviation red 
color shades, showing not less than six flashes per minute and having a 
luminous period of not less than 35 per cent. As an alternate system 
of marking such hazardous flying areas, certified 24-inch rotating land- 
mark beacons equipped with 1000-watt lamps and lamp changers and 


21 Copies may be obtained, without charge, upon request from the Aero- 
nautics Branch, Department of Commerce, Washington, D. C” 
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Fig. 12— Three lighting circuits used with vertical radiators. 
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Fig. 13—WLW tower lighting circuit. 
All lights marking hazardous flying areas should be exhibited from 


At the present time cach radio station is being treated as a special 
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case, The regulations outlined above are advisory only. At a new 
American installation, it is now necessary to submit to the Federal 
Communications Commission, the plans for lighting and painting of 
radio towers. The submitted plans may be approved, or they may be 
returned with additional requirements which must be fulfilled. 

Due to the tower obstruction lighting requirements, it is sometimes 
necessary to furnish as much as four kilowatts of power for lighting 
the obstruction lamps. In the case of vertical radiators, these lamps are 
located on a structure at radio-frequency potential, and means must be 
provided for isolating the lighting circuits on the tower from ground, 
Figs. 12 and 13 indicate four methods which have been successfully 
used for this purpose. Use of the insulated generator as shown in Fig. 12 
is no longer necessary, since there are commercially available chokes 
capable of isolating potentials up to 10,000 volts at broadcast. fre- 
quencies. 

LIGHTNING PROTECTION 

A tower radiator tends to collect static electrical charges, and is 
subject to direct lightning hits when an electrical storm takes place 
in its vicinity. Due regard must be given this point in the design 
of coupling circuits used to transfer power from the transmitter, or 
transmission line, to the antenna. It is considered excellent practice 
to design the coupling network so as to operate the antenna through a 
very low resistance direct-current path to ground. If this is not feasible, 
a low resistance choke should be shunted from the antenna leadin to 
ground. This choke should have a relatively high impedance at the 
operating frequency. Lighting gaps across insulators are essential, and 
should have a low impedance path to ground. 


ANTENNA System Costs 


Indicative of present costs of antenna systems employing either the 
guyed type or self-supporting type of tower, are Figs. 14 and 15. The 
current costs indicated on these graphs are based on average conditions 
in the field within plus or minus ten per cent. In order to allow a sta- 
tion engineer to estimate more intelligently costs involved in the de- 
sign of a complete antenna system, the following items are listed which 
should be included in his estimate: structural steel, insulators, ground 
system, foundations, erection, obstruction lighting equipment, paint- 
ing, freight, insurance, and engineering expense. 

These items are included in the estimates shown in Figs. 14 and 15, 
In a particular installation, one or more of the items indicated above 
may run considerably more than the average. This is particularly true 
in the cases of foundations, erection, and obstruction lighting. 
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There has been a lack of coérdination between radio engineers and 
tower manufacturers in the past. As a result of this, insulators having 


TOTAL €OST - DOLLARS 


o a —_1_ 
300 400 500 600 Joo 80 900 


ANTENNA HEIGHT - FEET 


Fig. 14—Estimated cost of guyed vertical radiator 
complete and ready for operation. 
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Fig. 15—Estimated cost of self-supporting vertical 
radiator complete and ready for operation. 
an electrical safety factor much greater than necessary have been 
supplied. As radio engineers and insulator design engineers work closer 
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together, insulator costs, and thus antenna system costs, will be de- 
creased. 
OPERATING Economy 

It should be stated here that the most economical method of in- 
creasing the coverage of a broadcast station can usually be obtained 
by improving the antenna system. As an example of antenna eco- 
nomics, consider the following hypothctical case. A one-kilowatt re- 
gional station desires to improve its coverage. It applies to the Federal 
Communications Commission for a power increase to two and one- 
half kilowatts. If the application is granted, the average station incurs 
the following expenses: 


Eitigatiom A tn te peewee A OM em ee al) $1,500 

New transmitting equipment, complete with 
tubes and power supply................. 15,000 
Miscellaneous modifications................ 1,000 
Installation of equipment.................. 1,500 
$19,000 


The annual operating expenses of the station will be increased by 
- $3000, plus amortization and interest on the above capital expenditure, 
Even then, the license for the increased power may allow only daytime 
operation at two and one-half kilowatts. 
_ That is the dollars-and-cents story of the power increase, but 
what does the millivolt and listener side of the picture show? The 
average one-kilowatt regional station in the United States now has an 
effective signal of 125 millivolts per meter at one mile. For 2.5 kilowatts 
this signal is increased to 198 millivolts, a four-decibel gain in signal 
intensity. A similar gain in signal can be made by the installation of a 
0.25 wavelength self-supporting vertical radiator, whose cost will de- 
pend on the operating frequency. The estimated complete installed 
cost is as follows: i 


TOOK oa e a see $4,200 
LOO ke e e ry an. 6,000 
600 keena ee 14,000 


The station would have saved money by purchasing a new antenna 
ratħer than higher powered transmitting equipment. A $3,000 a year 
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A PRACTICAL EXAMPLE 


A guyed cantilever type vertical radiator, 0.47 wave high, was 
recently placed in operation at radio station WBT, Charlotte, North 
Carolina, operating on 1080 kilocycles with a power of fifty kilowatts. 
This tower replaced a T type conventional antenna suspended between 
two grounded steel towers two hundred feet high, and five hundred feet 
apart. The old grid type ground system was replaced by a much larger 


A- ORIGINAL T ANTENNA 
B-429 FOOT VERTICAL MAST 


Fig. 16—WBT antenna pattern—millivolts per meter at one mile, power, 50 
kilowatts; frequency 1080 kilocycles. 


buried ground system. Radials are placed three degrees apart at the 
base of the mast and extend out 0.35 of a wavelength. A copper mat, 
40 feet square, is installed at the base of the tower to reduce to a 
minimum dielectric losses which take place at this point. Referring to 
Fig. 16 it can be seen that the use of this new mast antenna has resulted 
in a signal increase of 77 per cent, equivalent to a power increase from 
50 to 150 kilowatts. The fading wall of the station was moved out ap- 
proximately eight miles, daytime coverage of the station has been in- 
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creased appreciably, and in addition the secondary service signal in- 
tensity has been increased 77 per cent. Reports and field intensity 
measurements both indicate a marked improvement in the nighttime 
and daytime service range of this station. This is an excellent example 
of obtaining maximum transmission efficiency at minimum cost, as to 
obtain the same increased coverage using the old antenna would have 
required the installation of a high power amplifier and associated equip- 
ment at a cost equal to at least ten times the cost of the new antenna, 
plus a high additional annual operating cost. Even with such an in- 
crease in the transmitter power, the gain in coverage would not have 
been as great because of the smaller distance to the fading wall. 

This example should indicate the economic importance of proper 
antenna design and the necessity of a careful balance of antenna cost 
with respect to the complete transmitting plant. 


CONCLUSIONS 


1. Because of their physical configuration, and because tower 
radiators are built over earth of finite conductivity, current distribu- 
tion is not sinusoidal. Thus such towers do not perform as would a 
single vertical wire over perfect earth. At some installations a very 
close approximation to the ideal is attained. 

2. The use of steel structures for merely supporting simple broad- 
cast antennas is outmoded by the vertical radiator. 

3. Use of a vertical radiator in place of an older conventional 
antenna will, in the average case, produce a signal increase equivalent 
to doubling the power of the transmitter. The exact signal gain will 
dependeupon the efficiency of the existing antenna and the height of the 
new antenna. 

4. The self-supporting radiator may be used effectively up to 
heights of at least 0.5 wavelength. It can be confidently expected to per- 
form with approximately the same degree of efficiency as the guyed 
type of antenna. 

5. If the self-supporting tower antenna is used, precautions must 
be taken to prevent excessive dielectric losses in the soil near the tower 
base. A high base capacitance, of itself, does not contribute to low 
efficiency. 

6. The ground system should be radial in nature, should be buried 
close to the earth’s surface, and should have a maximum radius con- 
sistent with economic considerations. In practice, this should mean a 
radius of at least one-half wavelength and at least one hundred and 
twenty radials. 

7. It is desirable to increase the nonfading area of & transmitter as 
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much as possible. This is an important factor of design which has not 
been completely solved. There have been a number of studies which 
indicate that the optimum height, from the fading viewpoint, ranges 
between 0.5 and 0.6 of a physical wavelength with the types of radia- 
tors so far placed in service. The exact height depends upon the con- 
figuration of each individual tower and the soil condition. 

8. The vertical radiator is especially well adapted for use in direc- 
tive antenna systems. Published theoretical methods of pattern cal- 
culation agree with field results. However, the efficiency of directive 
antennas cannot always be predicted and in some cases this deter- 
mination must be based upon engineering experience. 

9. Several modifications of the mast type antenna have been sug- 
gested, or have actually made an appearance in the field, including 
various types of capacitive or inductive top loading, and towers em- 
ploying insulated sections electrically connected to obtain a control of 
current distribution. Various advantages are claimed for such antenna 
modifications.22 However, there is not sufficient information at this 
time to justify an accurate opinion of their value. There is.a great 
amount of research work yet to be done and a continued improvement 
in broadcast antenna efficiency is to be expected. 


2 Œ. A. Nickle, R. B. Dome, and W. W. Brown, “Control of radiating 
properties of antennas, Proc. I.R.E., vol. 22, pp. 1362-1373; December, (1934). 
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SOME COMMENTS ON BROADCAST ANTENNAS” 


By 


Ratru N. HARMON 
(Westinghouse Electric and Manufacturing Company, Chicopee Falls, Mass.) 


Summary—A constant phase and current antenna is suggested as having more 
desirable characteristics than sinusoidal distribution. 

It is shown that the maximum nonfading range is a function of the antenna 
height, frequency, and ground conductivity. 

A modified antenna system is suggested which combines a high angle suppressor 
wiih a vertical constant phase and current antenna. It is shown that the modified 
system cancels the high angle lobe of radiation and increases the nonfading range. 


HERE is a growing tendency in the broadcast group to accept 
five-eighths of a wavelength as the maximum desirable height for 
continuous radiators having sinusoidal current distribution. Bal- 
lantine showed! that for maximum ground field per watt input the 
vertical height should be five-eighthsof a wavelength. More recently, he 
has shown that if a maximum nonfading range is desired, the height 
should be more nearly 0.54 wavelength. 
Numerous vertical radiators of the self-radiating type have been 


the majority of these radiators deviate considerably from the predicted 
values obtained by calculation based on perfect earth and sinusoidal 
current distribution. The gap between the actual and predicted results 
is generally explained by imperfect earth conductivity and nonsinu- 
soidal current distribution. It has been shown that the radiator cross 
section determines the current distribution to an important degree 
and if a sinusoidal current distribution is desired the radiator must have 
a uniform cross section throughout its entire length. 


site selection, ground systems, and close quivalents to uniform cross 
section of radiator, 

It is proposed in this paper to show that: 

(1) The ground field strength of a self-radiating vertical radiator is 
proportional to the square root of the antenna height, if the amplitude 
and phase of the current is constant throughout the entire length. 


* Decimal classification: R320. Original Manuscript received by the Insti- 
T June 28, 1935; revised manuscript received by the Institute, September 5, 


? Stuart Ballantine, “On the radiation resistance of a simple vertical antenna 
over perfect earth,” Proc, LR.E., vol. 12, pp. 823-832; December, (1924). 
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(2) A constant amplitude of current throughout the radiator is 
more effective than a sinusoidal distribution. 

(3) The optimum antenna height for maximum nonfading range 
is greater than five eighths of a wavelength and is determined by 
(a) frequency, and (b) ground conductivity. 

An extensive group of antenna experiments were made at Westing- 
house Station KDKA, near Saxonburg, Pa., in the spring of 1933. 
The mechanical support for the various antennas which were tested was 
a small zeppelin type captive balloon. 

During these tests a vertical antenna was developed which approxi- 
mated a condition of constant phase and constant current amplitude 
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Fig. 1—Power gain vs. antenna height. 
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throughout its entire length. This current distribution was obtained by 
rephasing at approximately three-cighths-wave intervals. Rephasing 
was accomplished by opening the radiating element at the three- 
cighths-wave intervals and inserting a capacitive reactance equal to the 
total inductive reactance at these points. Physically these antennas 
were aluminum wire with sectionalizing insulators at three-cighths- 
wave intervals and condensers paralleling the insulators. 

Data on this antenna were obtained for various heights up to ap- 
proximately two wavelengths on a frequency of 980 kilocycles. From 
_ these data and resultant calculations Fig. 1 was drawn. This curve, 
plotted with power gain against antenna height in wavelengths, shows 
that the power gain is proportional to antenna height. The experi- 
mental points check with reasonable accuracy when it is considered 
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that considerable difficulty was experienced in maintaining such long 
antennas vertical by means of the captive balloon. These data covering 
from two to ‘five wavelengths were calculated and represent the ratios 
of the area of a semicircle to the area enclosed under the voltage pat- 
tern in the vertical angles for the various antenna heights under con- 
sideration. The voltage patterns for the vertical angles for antenna 
heights from one-eighth to four wavelengths are shown on Figs. 2 to 
7 inclusive. The calculations for these patterns are based on a constant 
phase and current amplitude throughout the entire length of each an- 


Fig. 2—Vertical radiation pattern for one-quarter-wave antenna. 


tenna and for an earth of perfect conductivity. The formula (1) for 
radiation resistance is 


“ R=60[G Si(2G) + 1/2 cos 23 + 1/4G sin 2 G—1] 
where, 
R is in ohms 
G =2Qrh/d 
h=height of antenna 
A=is the wavelength 
S¢= denotes the sine integral 


and that the field intensity in millivolts per meter per kilowatt at 
one mile for any angle 6 above the horizon is given by, 


g = 1180 | cos @ sin (G sin 9) 
VR sin 0 E 
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dicates that, (1) at antenna heights 


An examination of Figs. 2 to 7 in 
present, 


from zero to one-half wavelength, only one lobe of radiation is 


Fig. 3—Vertical radiation pattern for one-half-wave antenna. 


the shape of which tends to become flatter as the height approaches 
one-half wavelength; (2) at antenna heights greater than one-half 
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Fig. 4— Vertical radiation pattern for three-quarter-wave antenna. 


and less than one wavelength, two lobes of radiation are present, a 
large low angle and a small high angle. However, as the height is in- 
creased from slightly above one-half to slightly below one wavelength 
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the low angle lobe becomes flatter and the high angle one rotates con- 
tinuously to lower angles and increases somewhat in amplitude; (3) 


Fig. 5—Vertical radiation pattern for one-wavelength antenna. 
with each additional half wavelength of height another high angle 


lobe of radiation is added with continual thinning of the major low 
angle lobe. 


Fig. 6—Vertical radiation pattern for two-wavelength antenna. 


A comparison of these curves for antenna heights between one-half 
and one wavelength shows that the amplitude of the high angle lobe is 
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considerably smaller than for antennas for similar height but having 
sinusoidal current distribution. 

It is noteworthy that high angle radiation from a loss of power 
standpoint is negligible but from a nonfading range standpoint high 
angle radiation is of great importance and therefore the limiting factor. 

The value of any given antenna is usually based on ground field 
per watt input and nonfading range. 

The ground field may be calculated from (1) and (2) for any 
antenna height. The nonfading range may arbitrarily be defined as 


Fig. 7—Vertical radiation pattern for four-wavelength antenna. 


the closest point to the transmitter where ground and sky signal have 
equal intensity. Figs. 8 to 15, inclusive, were calculated and drawn 
to show the ground and sky signal against distance from the trans- 
mitter, for 50 kilowatts radiated at 600-, 1000-, and 1400-kilocycle fre- 
quency, and antenna heights from one-eighth to four wavelengths. 
The ground signal is based on earth conductivities of 1.07X10-* 
and 3.22X 10-4 which approximate the range of ground conductivity 
found in the United States. 

The sky-wave signal is computed on the basis of (1) a reflecting 
layer height of 100 kilometers, (2) a reflection coefficient proportional 
to the cosine of the angle of incidence, (3) and a vertical receiving an- 
tenna. 

An examination of Figs. 8 to 15 shows the importance of the various 
variables chosen, as well as the high degree to which high angle radia- 
tions limit the nonfading range of the various antennas shown. 
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It may be concluded from these curves that there is an optimum 
antenna height for each frequency and ground conductivity. It does 
not necessarily follow that the optimum height for one frequency and 
conductivity is the same for a different frequency and conductivity. 
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Fig. 8—Ground and sky signal vs. distance for one-quarter-wave antenna, 
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Fig. 9—Ground and sky signal vs. distance for one-quarter-wave antenna 
—h=4, E=12, c =3.22 X107 for 50 kilowatts radiated. i 


Figs. 16 to 18 inclusive show nonfading range against antenna. height 
for two conductivities and three different frequencies in the broadcast 
band. 

Examination of Fig. 16, which is for a frequency of 600 kilocycles, 
shows that with an antenna height of three fourths of a wavelength 
and a conductivity of 1.07 X10, the first peak in nonfading range is 
204 miles. If the antenna height is inereased to one wavelength the 
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nonfading range is decreased to 180 miles. A further increase in antenna 
height up to two wavelengths with the same conductivity produces an 
increase in the nonfading range to approximately 270 miles. It will be 
noted that little is to be gained in nonfading range by increasing the 
antenna height beyond two wavelengths. The curve for 600 kilocycles 
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Fig. 10—Ground and sky signal vs. distance for one-half-wave antenna. 
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Fig. 11—Ground and sky signal vs. distance for one-half-wave antenna, 


and 3.22 10-“ conductivity shows the first maximum at three fourths 
of a wavelength and a distance of 182 miles. Further increase of an- 
tenna height causes a sharp decrease in nonfading range to a minimum 
of 116 miles at one wavelength. A second peak is reached at one and 
one-half wavelengths and 174 miles, with a second minimum at one and 
three fourths of a wavelength and 130 miles. However, the fading range 
from one and three fourths to five wavelengths does not exceed that 
obtained from the three-fourths wavelength. 
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Analysis of Fig. 17 for 1000 kilocycles shows a first peak in nonfad- 
ing range for an antenna height at three-fourths of a wavelength at 
182 miles with 1.07x10—% conductivity. With a conductivity of 
3.22 10-“ the maximum peak is at two wavelengths, only fourteen 
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Fig. 12—Ground and sky signal vs. distance for three-quarter-wave antenna. 


miles more than the second peak at 1.25 wavelengths, the latter only 
about thirty-eight miles beyond the half-wave point. Thus, it will be 
seen that nothing is to be gained in a nonfading range by increasing the 
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Fig. 13—Ground and sky signal vs. distance for three-quarter-wave antenna. 


antenna height from one-half to three-fourths at 1000 kilocycles with a 
conductivity of 3.22xX 10-1, 

Fig. 18 for 1400 kilocycles shows the first peak in the nonfading 
range at one half of a wavelength, a second at one and one-fourth and 
a third at two for a conductivity of 1.07 10-13. Also, a first peak at 
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one-half with a gradual rise from three-fourths to one and three-fourths 
wavelengths for a conductivity of 3.24 X 107". ; 

As stated at the beginning of this paper, if the antenna height lies 
between one-half and one wavelength the vertical radiation pattern is 
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Fig. 14—Ground and sky signal vs. distance for two-wavelength antenna. . 


composed of one small high angle lobe and a large low angle one. It is 
obvious that the small height angle lobe has little affect on the over- 
all efficiency but is the factor which limits the nonfading range. Thus, 
to increase the nonfading range, the solution is to eliminate the high 
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Fig. 15—Ground and sky signal vs. distance for two-wavelength antenna. 


angle lobe. Since a small spurious high angle lobe of radiation is inher- 
ent in the constant phase and constant current amplitude type of 
vertical antenna it would seem that its climination is best obtained by 
an auxiliary radiator which radiates only a high angle lobe identical 
to that of the main radiator but in phase opposition. Since the exact 
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shape, amplitude, and angle of this high lobe must be duplicated, the 
auxiliary antenna must have variables in its construction which will 
permit adjustments to shape, amplitude and angle of the radiation. 
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Fig. 16—Fading range vs. antenna height for a transmitting frequency of 600 
kilocycles and a ground conductivity of 1.07 X107» and 3.22 X 10-1, 


Frank Conrad, assistant chief engineer of the Westinghouse Electric . 


and Manufacturing Company, developed a high angle radiator for 
KDKA in 1929 which had all of the above desired characteristics. This 
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Fig. 17—Fading range vs. antenna height for a transmitted frequency of 1000 
kilocycles and a ground conductivity of 1.07 X107» and 3.22 X 10744, 


antenna consisted of eight low vertical antennas spaced around a circle. 
By varying the diameter of the circle, the height of the individual 


radiators, and the phase of the current in them, the desired control of 
the high angle radiation was obtained. $ 
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As the auxiliary radiator takes only a small portion of the total 
input power to cancel the high angle lobe of the main radiator the over- 
all efficiency of the combined radiators is only slightly affected. 

An examination of the nonfading range for antennas between one- 
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_ Fig. 18 Fading range vs. antenna height for a transmitted frequency of 1400 
kilocyeles and a ground conductivity of 1.07 X107" and 3.22 X107, 


half and one wavelength with the high angle lobe of radiation removed 
reveals that a very considerable increase in coverage will be obtained. - 
It may also be mentioned that the width of the intense fading area will 
be quite narrow for this type of antenna as the sky-wave signal strength 
from the main low angle radiation rises rapidly giving a cutoff effect 
for the ground wave ina relatively few miles. - 
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A CRITICAL STUDY OF THE CHARACTERISTICS OF 
BROADCAST ANTENNAS AS AFFECTED BY 
ANTENNA CURRENT DISTRIBUTION* 


By 
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Summary—T he action of broadcast antennas with various current distribu- 
lions is examined in an endeavor to determine the combinations which are most 
likely to be useful. In each case, the vertical radiation characteristics, the radiation 
resistance, and the electric field intensity at the surface of the earth one mile from 
the antenna are determined. The relative merits with respect to fading suppression 
are also considered. ; 

Of the several arrangements examined, some have been very disappointing. In 
no case where the total antenna height is at all reasonable for broadcast use does the 
field strength at one mile go to exceptionally high values. For heights of the order 
of a half wavelength, it is hard to find anything better than a straight vertical wire. 
Some of the arrangements save a small amount in height, but in no other respect do 
they improve on the straight wire. : 

The analysis of the antenna with decreased velocity and antennas spread in the 
horizontal plane shows that both are definitely ruled out of the picture. 

The results show that the Franklin antenna would be very useful if it were not 
for the great heights required. 


I. INTRODUCTION 


N THE past several years, the antenna systems of broadcast sta- 

tions have received a great deal of attention. A decade ago, the 

antenna system generally consisted of a T-shaped antenna sus- 
pended between two towers. This type of antenna gave no great con- 
trol over the vertical radiation pattern. In an attempt to gain this 
control, a single tower was used as the antenna proper. Antennas of 
this type were extended to great heights compared to previous prac- 
tice. Recent studies have shown that there is still room for a great deal 
of improvement in the design of these structures, since the current dis- 
tributions on these towers generally differ a great deal from the sinu- 
soidal distribution which had been assumed in the theoretical studies 
which led to the use of these tall structures. Recently, engineers have 
shown a great deal of interest in the possibilities of so controlling the 
current distribution on the antenna that desirable characteristics may 
be obtained with antennas of rather smal] height. It is the purpose of 
this investigation to examine the action of antennas with various cur- 
rent distributions, in an endeavor to determine the combinations which 


* Decimal classification: R320. Ori inal m: . : he In- 
stitute, August 19, 1935. g anuscript received by the In 


48 


Brown: Broadcast Antennas 49 


are most likely to be useful. In each case, we shall calculate the vertical 
radiation characteristics, the radiation resistance, and the electric field 
intensity at the surface of the earth one mile from the antenna when 
one watt of power is fed into the antenna. In the calculation of the elec- 
tric intensity, the earth will be considered as a perfect conductor, and 
the antenna system will be considered to be 100 per cent efficient. 


II. METHOD OF DETERMINING THE ANTENNA CHARACTERISTICS 

Let us suppose that our antenna is a vertical wire above a perfectly 
conducting earth. The current is distributed as shown in Fig. 1. Weare 
interested in the electric intensity, F's, at a remote point, P, a distance, 


ae 


Fig. 1 


ro, from the base of the antenna. The angle between the line drawn 
from P to the antenna base and the antenna axis is 8. Then we can 
write 

60 

Fy = +j — Kf) | (1) 

To 
where I) is the current at some reference point along the antenna. This 
reference point is entirely arbitrary, but is usually chosen either at the 
base of the antenna or at the point of greatest current. K is called the 
form factor of the antenna and f (6) is the vertical radiation characteristic. 
When f(4) is plotted on polar codrdinate paper, it is sometimes referred 
to as the vertical radiation pattern. The above quantities are defined 
by the following relations: 
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where, 
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A= wavelength 

k=2r/A 

?y=current in the antenna at a point y units from the ground. 
It should be noted that f(9) is unity when @ is 90 degrees. In (1), Fo is 
given in volts per centimeter when the current is measured in amperes 
and ro is measured in centimeters. If we replace the constant, 60, by 
37.25 and measure ry in miles, the field strength is then given in milli- 
volts per meter. 

The radiation resistance at the reference point and the field inten- 
sity at one mile for a given power input are calculated by methods 
previously described.! 

It is difficult to determine the relative merits with respect to fading 
of a number of antenna arrangements by merely inspecting the vertical 
radiation characteristics. These merits wil] be weighed in a slightly 
different fashion. It is assumed that the Heaviside layer height is 100 
kilometers (62.5 miles) and that the layer has an efficiency of reflection 
of 33.3 per cent. We can then compute the magnitude of the reflected 
ray at any point on the surface of the carth if we know the vertical 
radiation characteristic of the antenna. We will designate this inten- 
sity as Fə. (Fig. 2.) The value of the direct or ground ray, designated 


t aS 
a“ 


Fig. 2 


by Fı, is next computed. We will assume an earth conductivity of 
50 X 10- electromagnetic units and a wavelength of 300 meters. The 
ratio F/F, which is practically zero close to the antenna grows larger 
as we proceed away from the antenna, until F, is negligible compared 
to F2. We will define dı as the distance along the ground from the an- 
tenna to the point where the ratio F;/F, is unity, and call this distance 
the “100 per cent fading distance.” The distance to the point at which 
the ratio is 0.5 will be designated as diz, and will be called the “50 per 
cent fading distance.” In most of the cases which we will examine, the 
values of d, and dy. will be computed. The value of earth conductivity 
and wavelength used represents average conditions in the broadcast 
band. While it is admittedly arbitrary to assume a particular Heaviside 
layer height and reflection coefficient, the procedure is justified in that 
it does give us a basis for comparing two different antennas. 


1 H, E. Gihring and G. H. Brown, “Tower antennas for broadcast use, 
Appendix A,” Proc, LR.E., vol. 23, pp. 342-348; April, (1935). 
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Ill. VERTICAL WIRE WITH SINUSOIDAL DISTRIBUTION OF CURRENT 


The characteristics of the vertical wire antenna over a perfect earth 
have been known for many years. The results will be repeated here 
since we will use-this antenna as a standard of comparison. Let us 


1 Image 


Fig. 3—Vertical wire antenna and image. 
suppose that the current is distributed as shown by Fig. 3. Then the 
current distribution is 
Io sin (A — ky) 


sin A 


= I; sin (A — ky) (4) 


ly 


where J, is the current at the base of the antenna, and J, is the magni- 
tude of the loop current. When a is the height of the antenna and A 
is the free space wavelength, 


A = 2nra/d. : (4a) 
For the distribution in question, the vertical radiation characteristic is 


cos (A cos 0) — cos A 
sin [L — cos (A) | 


f0) = (5) 


This characteristic is plotted in Fig. 4 for a number of values of A. 
We sce that the high angle radiation becomes a minimum when the 
value of A is about 190 degrees. When the antenna is taller than this, 
the secondary lobe of radiation becomes prominent. In fact, when the 
antenna is one wavelength high, there is no radiation along the ground. 
The form factor, K, referred to the loop of current is 
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K = 1 — cos (A). (6) 
The radiation resistance referred to the loop current is 


cos (2A) 


R,(ohms) = 30 | - {C + log (44) — Ci(4A)} 


+ {1+ cos (24)}{C + log (24) — Cu(2A)} (7) 
Si(4A) ; 
+ sin QA) ee siea | 
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i 


© 


E ws xi 
Fig. 4—Vertical radiation characteristies of. vertical wire antenna. 


where C =0.57721 is Euler’s constant, and Ci(x) and S¢(x) are respec- 
tively the intergral-cosine and the integral-sine as defined on page 19 
of the Jahnke-Emde “Funktionentafeln,” Fig. 5 shows this radiation 
resistance plotted as a function of the height, A, in degrees. The field 
strength at one mile is also shown on this figure. We see that the maxi- 
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IV.: VERTICAL Wire wire Capacity Hat at tHE Top 


Let us now suppose that the vertical wire has a nonradiating capac- 
ity area at the top so that the current distribution is as shown in Fig. 6. 


E 
2 
z 
t 
100 
$4 
w 
o | % 
d 
ls. 2 
W 
2 
Zz 2 


er 


Loom RADIATION RESISTANCE (OHMS) 


PER 


i 
d 


MILLIVOLTS 


aoe Sarl pa 


=A 


Ac ELECTRICAL LENGTH (vpeqrees) 
1 ( 
40 yY & 120 160 200 240 280 320 


Fig. 5—Characteristics of the simple vertical wire antenna. 
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Fig. 6—The vertical wire antenna with a capacity hat at the top. 
Then b is the length of the portion of sine wave suppressed by the 
capacity area. We define the quantities 
= 2rb/d radians = 360b/d degrees l 
= 2ra/à radians = 360a/\ degrees >. (8) 
ee j 


qm ow 
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Then K = cos (B) — cos (G) (referred to the loop current) (9) 


and, l l m 
cos B cos (A cos 0) — cos 6 sin B sin (A cos 8) — cos G 
J(0) = ; 


(10) 
sin 0{cos B — cos G] 
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Fig. 7—Loop radiation resistance of the antenna with a hat at the top. 


The radiation resistance (referred to the loop current) is 


R,(ohms) = 30 | sin B eo a 2R] l 


2A f 
cos (2G) : 
= An + log (44) — Ci(44), 


+ {1 + cos (2G)} {C + log (24) — Ci(2A); (11) 
' Si(4A) l 
+ sin 2a) pak S2(2A) tT. 


The radiation resistance as a function of B, with 4 as a parameter, is 
shown in Fig. 7. 

The field strength at one mile is shown by Fig. 8, We see that in 
all cases where the antenna is less than 200 degrees tall, the field in- 
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tensity increases with B for a way, and then drops suddenly to zero, 
rising again almost as abruptly, The zero point occurs when 
B = 180 degrces — A/2. (12) 


When B is zcro, the vertical characteristic is given by the curves of 
Fig. 4. As B is increased the field pattern changes just as if the height 
of the antenna were increased. For purposes of illustration, the vertical 
characteristic of an antenna of height 150 degrees is shown by Fig. 9 
for a number of values of B. We see that when B is about 47 degrees, 
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Fig. 8—Field strengths obtainable from the antenna with capacity hat at the top. 


the vertical pattern is similar to that obtained with a straight vertical 
wire 190 degrees tall. For any height, 4, we can find the value of B 
which will give the same vertical pattern as a 190-degree antenna by 
selecting the value of B which corresponds to a field strength of 7.8 
millivolts per meter at one mile on Fig. 8. Since the curve of field in- 
tensity peaks, it is important to note that the correct value of B lies 
on the left side of the peak. 

This method seems important, since we are able to simulate a 190- 
degree antenna with much less height. In many cases, we shall desire 
a value of B so large that it cannot be obtained by a simple capacity 
area at the top. The desired result can, however, be obtained by insert- 
ing an inductance between the top of the vertical wire and the capacity 
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area. Such a scheme was first disclosed by van der Pol? many years ago. 
To obtain the results predicted by theory, it is necessary that induct- 
ance so inserted have a very low resistance, since the current at the 
coil point may be many times the current at the base. To be specific, 
let us assume that the coil has one ohm of resistance. Let the capacity 
area and the inductance of the coil be such that the antenna is ad- 
justed to give a vertical field pattern similar to that of a 190-degree 
antenna. Let us assume that 1900 watts of power is fed into the an- 
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Fig. 9—Variation of the vertical radiation characteristics with top loading. 


tenna. Then the conditions for several heights are shown in the follow- 
ing tabulation. 


Radiation | Radiation | Total 


| Watt | Watts ; 
A Degrees |B Degrees! Res. (at | Res. (at Res. (at R di a Lost F 
loop) coil) coil) | *8dlated | in Coil 
150 45 63.5 127.0 128.0 992.0 8.0 246.0 
135 77 | 26.2 2a 28.3 | 965.0 35.0 243.0 
120 97 11.0 11:2 T232 918.0 | 82.0 236.0 
90 | 125 1.5 2.23 3.23 690.0 310.0 205.0 


In the above, we have assumed a constant coil resistance. Actually, 
this resistance will probably be much greater than one ohm for the 
lower heights. Practically, it is seen that it might be possible to use 
this scheme for values of A as low as 135 degrees, although a height 
of 150 degrees would be much more desirable. When the antenna is 
this tall, it is not necessary to insert the coil at the top. An interesting 
practical example of an antenna of this type is that at Breslau, Ger- 
many. Breslau is a sixty-kilowatt station. The antenna is a straight 


? Balth. van der Pol, Jahr. der draht. Telegraphie und Telephonie, Band 13, 
Heft 3, pp. 217-238, (1918). 
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vertical wire supported by a wooden tower. The suppression of current 
at the top is attained by a ring, ten meters in diameter placed at the 
top of the tower, This ring suppresses about forty meters or one-cighth 
of a wavelength.? The antenna height is 455 feet or 138.5 meters, 
while the wavelength is 325 meters. The current node is nineteen 
meters from the ground, The maximum current comes at 100 meters 
from the ground, No energy is radiated at sixty to sixty-five degrees 
to the horizon. The horizontal radiation is inereased about twenty-five 
per cent while the radius free from fading is increased about forty per 
cent. We see that this antenna is 150 degrees tall with forty-five degrees 
of loading at the top, The intensity along the horizon in the ideal case 
is twenty-seven per cent greater than that due toa short antenna, This 
agrees well with the above observed vahie of twenty-five per cent, 

When a steel tower is used for the antenna, it will be necessary to 
use a larger outrigger or larger coil to attain the same amount of sup- 
pression of current at the top of the antenna. This will be especially 
true if the tower is of nearly uniform cross section from bottom to top 
lf this last-named condition is not fulfilled, the current distribution 
will no longer be sinusoidal, and it would then become a rather formida- 
ble task to adjust the coil to the correct value to simulate a 190-degree 
antenna. A method has been devised which will enable one to deter- 
mine the correct. coil setting from measurements made on the ground 
close to the antenna, 


X 


V, NECTIONALIZED ANTENNA 


As stated in the previous section, it may become difficult to place 
a big cnough outrigger on the tower to attain the effect wanted and 
still have the tower nearly uniform in cross sectipn. One way out of 
this situation is the so-called “sectionalized antenna.” The coil is placed 
some distanee from the top of the antenna, and no outrigger is used. 
Thus the section above the coil radiates. The current distribution is as 
shown in Fig. 10. The total antenna height is d, while a is the distance 
from the earth to the coil. The length of sine wave which would be 
above the coil point if the coil and top section of antenna were replaced 
by a straight wire is b. Then we define 


D = 2rd/d radians = 360d/x degrees 


i 


A = 2ra/à radians = 360a/\ degrees (13) 
B = 2rb/^ radians = 360b/ degrees. 


‘Telefunken Zeil., August, (1933). 
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The vertical radiation characteristic, referred to the loop current, is 


J6) = E B cos (A cos 0) — cos @sin B sin (A cos 0) — cos (A + B) 


sO EA oe Gs a 
nae (D = A) cos cos cos cos cos 


(14) 
+ cos 0 sin (D — A) sin (A cos 0) |x sin ð. 


Fig. 10—The sectionalized antenna. 


The form factor referred to the same point is 


———|1 — cos (D — aj]. (15) 
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Fig. 11.—Vertical radiation characteristics of a sectionalized antenna. 


Let us consider a particular case. We shall choose a total height of 
D=150 degrees, with the coil placed at A = 100 degrees. Then Fig. 11 
shows the vertical radiation characteristics for a number of values of B. 
This antenna thus has the same characteristic variation as the antenna 
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with the loaded top. The field intensity at one mile and the loop radia- 
tion resistance is given in Fig. 12. The resistance referred to the coil 
point is found from this resistance curve by 


Rep = Ricop/sin? B. (16) 


Rice = a a (ee 8): (17) 


Thus, in the above case, when B is 110 degrees (for best fading sup- 
pression) the resistance at the coil point is 23.6 ohms and the base re- 
sistance is 84.0 ohms. 


Likewise, 


9 30 
& 80 
|z Io 


—y 
-F Te 
MILLIVOLTS PER METER) 
> 
io 


y 
A 


R 

F 
m~ 
© 


+ 


| 
k 
{|__| dano dy (mes) 


B ( DEGREES 
l ( 4 >) 
0 20 40 6- go 100 


Fig. 12—The dependence of-the characteristics of a sectionalized 
antenna upon the amount of sectionalizing coil. 

It is of interest to examine the constants for other coil positions. 
Let us suppose that for each coil position the coil is readjusted so that 
the antenna simulates an ordinary 190-degree antenna. The variation 
of the quantities in question when D is 150 degrees is shown by Fig. 13. 
Fig. 14 shows a similar set of quantities when D is 120 degrees. From 
considerations of this sort, we find that the 150-degree height is quite 
good, while it is very unlikely that we could obtain good efficiencies 
with a height of 120 degrees. 


VI. ANTENNA WITH CONSTANT CURRENT 


The next case to come to our attention is the antenna with con- 
stant current. By this, we mean a vertical antenna so loaded that the 
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current at any point along the antenna has the same magnitude and 
phase position as the current at any other point. Then if the total 
height of the antenna is a, we can define 


A = 2ra/d radians = 360a/) degrees. (18) 
The form factor is i 
K =A = 2ra /à (19) 
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Fig. 13-—The dependence of the characteristics of a sectionalized antenna upon 
sectionalizing coil position. (In each position, the coil is adjusted so that 
the vertical radiation characteristic is the same as that of a simple 190-de- 
gree antenna.) 


and the vertical characteristic is 
i tan @ sin (A cos 6) 


#(0) = (20) 
The family of vertical radiation characteristics is shown in Fig. 15. 
The field strength at one mile and the radiation resistance is shown by 
Fig. 16. It is seen that this antenna must be practically 190 degrees 
tall to simulate a 190-degree antenna with sinusoidal distribution. Thus 
this scheme does not appear to be very promising, for it does not seem 
reasonable to go to all the trouble involved in getting a constant cur- 
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rent along the antenna when the same vertical pattern can be obtained 
by merely using a straight vertical wire antenna of the same height. 
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| Fig. 14—Similar to Fig. 13, but for a different total height. 
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Fig. 15—Vertical radiation characteristics of the antenna with constant current. 


VII. Antenna ELEMENT ELEVATED FROM THE EARTH 


Another possibility of antenna design which suggests itself is to 
raise an antenna element above the surface of the earth. For. conven-. 


where H =2rh/) radians = 360h 
half-wave element, the low 
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ience, let us assume that the element in question is a half-wave an- 
tenna, as shown in Fig. 17. Let h be the distance from the ground to 


J 


| 


+ 
A (oeg RE ES) 
& 120 160 2 


200 240 Bo 320 
Fig. 16—The characteristics of the antenna with constant current. 


the mid-point of the antenna. Then the distance from the ground to 
the lower end of the antenna is d=h—)/4. The form factor of the 
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Fig. 17 


system is K = 2, and the vertical radiation characteristic is 


Tv 
cos (= cos a) cos (H cos @) 


sin @ a 


J0) = 


/ degrees. Since we are considering a 
er end is at the earth’s surface when H is 


Brown: Broadcast Antennas 63 


— 


ôu 


Laas eee 


Fig. 18—Vertical radiation characteristics of a half-wave element 
elevated above the earth. 


90 degrees. Fig. 18 shows the vertical radiation characteristic for a 
number of values of H. The field intensity at one mile and the radiation 
resistance is shown by Fig. 19. From the fading distance curve on this 
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Fig. 19—Characteristics of an antenna element elevated above the earth. 
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figure, we see that this antenna simulates a 190-degree antenna when 


H is 102 degrees. This means that the top of the antenna ig 192 degrees 
from the ground. 


a 
a 


Fig. 20—-The Franklin antenna. 


Since the vertical characteristic of the half-wave element in space, 
cos [(r/2) cos 6|/sin @, is essentially equivalent to sin 6, we can take 
the above vertical characteristics and the field intensity at one mile as 
indicative of that obtained if the element were shorter than one-half 
wavelength, where H is still the distance to the center of the element 
from the surface of the earth. 


Fig. 21—Vertical radiation characteristics of the Franklin antenna. 
VIH. THe FRANKUIN TYPE ANTENNA 

The Franklin antenha, which has 

work, consists of a number of half- 

on a vertical line, and so fed that the 

and in phase. (See Fig. 20.) Let n be 


been rather useful in short-wave 
wave antennas placed end to end 
currents in each element are equal 
the number of half-wave elements 


ch i Š 
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above the earth. Then the form factor is 
E (22) 


The vertical radiation characteristics for several values of n are 


shown in Fig. 21. 


The field intensity at one mile and the total antenna resistance is 


given by Fig. 22. We see that very high field strengths are obtained 
when many sections are used, provided that the losses in the phasing 
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Fig. 22— Field intensity and radiation resistance of the Franklin antenna. 
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equipment do not become large. It is also extremely unlikely that an- 
tennas whose height is more than one wavelength could be built eco- 
nomically. 

IX. ANTENNA WITH DECREASED VELOCITY 


Another arrangement which has been proposed by various engi- 
neers from time to time is the antenna with decreased velocity. The 
idea is to decrease the velocity of. propagation of the current waves 
on the antenna wires so that current nodes are separated by less than 
one half of the free space wavelength. For instance, if the wire were 
so loaded that the velocity were but one half the velocity of light in 
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free space, we would have a half sine wave distribution occurring in 
one fourth of a free space wavelength. Several methods of loading 
might be utilized. One arrangement might be to arrange the antenna 
wire in a spiral. The velocity of propagation might also be decreased 
by surrounding a vertical wire with a mass of dielectric. We shall not 
interest ourselves in the methods of accomplishing this condition, but 
shall note the consequences of such an arrangement, 

Let us now examine Fig. 23. This shows an antenna of height a 
loaded at the top with a capacity area. The distance, b, is the actual 
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Fig. 23 


length of sine wave suppressed by the loading at the top. We shall now 
define the following quantities: 


a=actual height of antenna 
6=actual length of sine wave suppressed by loading at the top 
c=velocity of propagation of light (or radio waves) in free space 
(=3x10! centimeters) 
f=frequency of the transmitter 
\=c/f = free-space wavelength 
v=velocity of current wave on the wire 
Ao=2na/h (radians) = 360a/n (degrees) 
Bo=2rb/ (radians) = 360b/) (degrees) 


A=A)/(v/c) 
B=Bo/(v/c) 
G=A+B 


Then the form factor (referred to the loop current) is 


v 
K = — [cos B — cos G] (23) 
C 


and the vertical radiation characteristic K 
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cos @ sin B sin (Ao cos 4) 
(24) 


v v 
J = —sin 8 [eos (B) cos (Aa cos 8) — 
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Fig. 24—The form factor of the antenna with decreased velocity. 
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Fig. 25—Loop radiation resistance of the antenna with decreased velocity. 


Let us first examine the case when no loading is placed at the top. 
Then B= B= zero degrees. The form factor for this case is shown as a 
function of v/c for a number of values of Ao by Fig. 24. Fig. 25 shows 
the radiation resistance for the same cases. This radiation resistance 
is referred to the loop current. To find the radiation resistance at the 
base, we would use the following relation: 
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Hse = Rioo /8in? (G). 


The radiation resistance at the base for a number of cases is shown | 


by Fig. 26. 

The field strength at one mile for one watt input is given by Fig. 27. 
We that see for a fixed antenna height, the field strength at one mile in- 
creases as the velocity is decreased until the field strength reaches about 
8.5 millivolts per meter. The field strength then drops rapidly to zero 
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Fig. 26—Base radiation resistance of the decreased velocity antenna. 


with further decreases in velocity. It is important to note that the 
maximum values of field strength occur at the point where the base 
radiation resistance is extremely small. 

The vertical radiation characteristics will now be examined. Let 
A o=150 degrees. Fig. 28 shows the vertical radiation characteristic for 
a number of values of the ratio, v/e. Itis seen that a decrease in velocity 
for a fixed height changes the vertical characteristics in the same man- 
ner as an increase in height of a straight vertical wire. This is true for 
any value of Ao which we choose. This fact can be made use of to show 
‘the characteristics of the decreased velocity antenna. We shall define 
a quantity, A., in the following fashion: Suppose we have under con- 
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sideration a specific antenna of height Ao degrees and a velocity ratio, 
v/c. Then A, is the height in degrees of a straight vertical wire antenna 
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Fig. 27—Field strengths obtainable from the decreased velocity antenna. 


| which has the same vertical characteristic and field strength at one 
mile as the decreased velocity antenna under consideration. This quan- 
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Fig. 28—Vertical radiation characteristics of a decreased velocity antenna. 


tity, As, is shown as a function of v/c for a number of values of Ao in 
Fig. 29. The broken line on this diagram indicates the values of v/c 
where the current node occurs at the base of the antenna. 

The above relations can be used to examine another interesting 
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case. It has been shown previously that it was desirable to build steel 
tower antennas so that the cross section is substantially constant 
over the entire length rather than to have the tower much smaller at ` 
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Fig. 29—Curves of similitude of the decreased velocity antenna. Asis the actual 
t of the decreased velocity antenna. A, is the height of a vertical wire 


the top than at the base. It has been suggested that it is desirable to 
go still further by making the tower flare out at the top, thus moving 
the current maximum up the tower. We shall examine an extreme case 
for purposes of illustration. 


Fig. 30 


Suppose that for any particular height antenna, the velocity is so 
altered and the loading at the top so altered that the current loop oc- 
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Fig. 31—Vertical radiation characteristics of the current 


distribution shown in Fig. 30. 
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vertical radiation characteristic for a number of antenna heights. The 
corresponding field intensity at one mile-and the radiation resistance 
referred to the current at the top of the antenna is given in Fig. 32. 
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32— Field intensity, radiation resistance, and distance to the fading zone 


of the current distribution shown in Fig. 30. 
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The distance to the fading zone is also shown. It is seen that if we wish 
to simulate a vertical wire 190-degree antenna, this type of antenna 
must be 170 degrees high. This is not a very great saving in height 
when it is considered that it would be both expensive and difficult to 
attain the current distribution in question. 

It should be further pointed out that all radiation resistances were 
computed with reference to the vertical component of antenna current. 
When the velocity of propagation is decreased by spiraling the antenna 
wire, the radiation resistance referred to the actual current in the wire 
is the above calculated values multiplied by (v/c)®. This substantially 
reduces the resistance in all cases where v/c is less than unity. 


X. FRANKLIN Typr ANTENNAS WITH DECREASED VELOCITY 


We have previously shown that the Franklin antenna composed of 
half-wave sections gave substantial increases in field strength, but that 
at the same time the heights became excessive, It has been suggested 
that the velocity on each element be reduced to one half the velocity 
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Fig. 33—Vertical radiation characteristics of the Franklin 

: antenna with decreased velocity. 

of light so that dne half a sine wave of current will occur in a quarter 
wave of space. This arrangement is supposed to yield large gains in 
field strength. A few computations have been made concerning this 


arrangement yields a vertical characteristic similar to that obtained 
from an ordinary half-wave antenna, while the three-element antenna 
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| | i ivalent 
F | my /m, Ry Ry | Total Height [eater ve E 
ati Mile | (ohms) | (ohms) (measured in free-space wavelengths) 
1 6.30 = 35.0 | 8.75 | 0.25 0.333 
2 7.67 94.0 23.5 0.5 0.514 
3 58 169.8 42.45 | 0.75 0.61 


In the above table, R, is the total radiation resistance of the system 
referred to the vertical component of current. If the decreased velocity 
is obtained by spiraling the conductor, R,=R,/4 is the resistance with 
reference to the actual current in the wire. 


XI. ANTENNAS EXTENDED IN THE HORIZONTAL PLANE 


We have seen that the process of modifying the current distribu- 
tion along a vertical axis has not shown any current distribution to be 
outstanding, when the antenna height is less than a wavelength. The 
next obvious procedure is to extend the antennas over the horizontal 
plane. Since we are interested in broadcast antennas which radiate uni- 


Fig. 34 


formly in all directions along the horizontal plane, the antenna ele- 
ments must be circularly symmetrical. In other words, each element 
of the antenna must itself be a solid ring of antennas. Of course, this 
ring can be simulated to a certain extent by placing several vertical 
antennas on the circumference of a circle. The ideal case, however, is 
that in which each element is a cylinder. We shall examine this case 
in detail, since the results of this case will be applicable to the case of 
several antennas on a circumference. This type of antenna was first 
discussed by Bohm. 

Let us suppose our antenna to be a cylinder, of radius, r. The cylin- 
der is one-quarter wavelength tall and is placed over a perfect earth. 
(Fig. 34.) It is assumed that the current on this cylinder is sinusoidally 
distributed. The total current at the base of this cylinder is I. Then 
the form factor is ; 

K = J2rr/N) (25) 


10. Bohm, Zeit. fiir Hochfrequenz. u. Elect., p. 137, October, (1933). 
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where Jo is Bessel’s function of the first kind and zero order. The verti- 
cal radiation characteristic is 


T 
cos | — cos 0 


2 
J) = Jo(2rr sin 0/A)/K. (26) 
sin 6 
Fig. 35 shows a plot of Jo(2rr/d) as a function of PIX: 
[oe cae T in [= 
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Fig. 35—Form factor of the cylindrical current sheet of Fig. 34. 


Fig. 36 shows the vertical radiation characteristics for a number of 
cylinder radii. 

The radiation resistance and the field intensity at one mile for one 
watt input is shown on Fig. 37. We see that the field strength at the 
horizon goes to zero whenever 2rr/d is a root of the Bessel function. 
The first root occurs when r equals 0.382 wavelength. 

While the above results show a rather interesting characteristic, it 


I, = Ida + Jb). (27) 
Then the form factor (referred to the center antenna) is 


eV PE 


2 


where r is the radius of the ring of antennas. 
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Fig: 36—Vertical radiation patterns of cylindrical current sheets. 
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Fig. 37—Field strength and radiation resistance of cylindrical current sheet. 
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The vertical radiation characteristic is 


T 
cos (= cos @ 
2 


al + wd (= i o) | 
0) = l (he —- sin | 
I) K sin @ V : A 


2rr 


It is obvious from the above expressions that the quantity b must be 


Fig. 38—Mutual resistance between cylinder and concentric wire. 


zero to secure sky-wave suppression. It also scems evident that this 
condition must also be true to secure the maximum field strength along 
the horizon. That this is true will be shown. by the following analysis. 

The resistance of the ring of antennas has already been shown. This 
resistance will be called R. The resistance of the center antenna is 
Fo =36.6 ohms. The mutual resistance between the center antenna and 
the ring of antennas, Ro, is given as a function of r/\ by Fig. 38. The 
power input into the antenna is then 


P = [aR + 2aRu + bR, + Roly? (watts). (30) 


Eo 
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Then the field strength at one mile for one watt input is 


nap [=D] 


G ae 31 
/[a?R, + 2aly + Wei + Rol (mv/m) (81) 


sai a os) | + zeal 


F? = - (32) 
a?Rı + 2aRo + 67 + Ro 


| or, 


To find the value of b which gives the maximum field strength 
along the ground, we differentiate the last expression with respect to b 
and set equal to zero. This yields 


dF? 
db 
2ur ‘ 2ur\ 7? 
37. 25 jaso (=) læR, + 2a Ro + Ra] i 2R, E + ado (5) lo 
as = 33 
[2R + 2a Ra + bR; + Rol? ae 
=0 
ra ein (34) 


Thus we see that the current in the inner conductor must be either in 
phase or in phase opposition with the current in the outer ring. 

To find the best value of a, we again differentiate, this time with re- 
spect to a, and set equal to zero. This yields the value of a, which will 
give the greatest field strength along the ground as 


an = (35) 


and the value of a, which gives zero ficld strength along the ground, is 


1 


Qo = - OC = . 
2nr 
ee 
A 


The values of am were substituted back into (31) and the values of 
maximum field strengths computed. It was found that the largest field 
strength obtainable for ring diameters less than two wavelengths was 
about 9.0 millivolts per meter for one watt input into the system, or a 
gain over a single quarter-wave antenna of forty-six per cent. i 


(36) 
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Fig. 39 shows the field strength at one mile for one watt input as a 
function of a, fora number of values of r/d. Fig. 40 shows the varia- 
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Fig. 39—Field strengths obtained from a cylinder and a concentric wire. 
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Fig. 40—Vertical radiation characteristics of a cylinder and concentric wire 
when the cylinder has a radius of 0.382 wavelength. 


tion of the vertical characteristic with a when the radius of the outside 
ring is r=0.382 wavelength. We see that in the neighborhood of 


Brown: Broadcast Antennas 79 


a= — 4.0, the secondary sky lobe is excessive. This is the point at which 
the field strength along the ground is greatest. It is invariably true 
for this type of antenna that the greatest ground signal strength is 
accompanied by a large secondary lobe. 


XII. CONCLUSION 


We have now examined a number of antenna arrangements and 
current distributions. Some of these arrangements have been very dis- 
appointing. In no case where the total antenna height is at all reason- 


able for broadcast use does the field strength at one mile go to excep- ` 


tionally high values. For heights of the order of a half wavelength, it 
is hard to find anything better than a straight vertical wire. Some of 
the arrangements save a small amount in height, but in no other re- 
spect do they improve on the straight wire. 

In the case of a straight vertical wire, Fig. 5 shows that an antenna 
length of 190 degrees (0.528 wavelength) is the most desirable when the 
power of the station is sufficient so that the night service radius is 
limited by fading rather than by ground signal deficiency. While it is 
seen from Fig. 5 that a 230-degree antenna gives ten per cent more 
signal at one mile, the daytime range is only increased about five per 
cent. It is apparent that the fading reduction accomplished by the 190- 
degree antenna far offsets the slight decrease in daytime service range 
suffered by not extending the antenna height to 230 degrees. 

The antenna with the capacity hat at the top is an arrangement 
which enables a saving in height of antenna. By varying the loading 
at the top of the antenna, the vertical characteristic of a straight wire 
antenna of greater physical height can be obtained. This arrangement 
can be used on antennas of height 135 degrees or better to simulate 
the pattern of a 190-degree antenna. For antenna heights lower than 
135 degrees, the antenna radiation resistance goes to rather small val- 
ucs as the loading at the top is made sufficient to suppress the sky 
wave. When the antenna itself is a steel tower, it will probably be diff- 
cult to keep the tower of nearly constant cross section and still build a 
large enough capacity hat to be effective with a reasonably small coil. 

The sectionalized tower was developed to overcome the difficulties 
encountered by the tuned hat. Sectionalizing down the tower enables 
one to build the tower of uniform cross section, so that the results can 
be predicted in advance. The outstanding advantage of this arrange- 
ment is evident when the power is high. In general, the voltage occur- 
ring across the sectionalizing insulators is considerably less than occurs 
across the insulators of the tuned hat on a tower of the same height. 

Examination of the curves pertaining to the antenna with constant 
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current shows that it requires a total height of 190 degrees to give re- 
sults equivalent to those obtained from a 190-degree vertical wire an- 
tenna. A further increase in height moves the fading wall still further. 
Since the distance to the fading wall is already 100 miles, this further 
increase would be important only in very special cases. 

The gain in signal strength obtained by raising a half-wave element, 
from the earth is very slight. It is seen that the best suppression of fad- 
ing occurs when the top of the half-wave element is 190 degrees off the 

ground. 

Í The Franklin antenna seems the most. promising, in spite of the ex- 
treme heights required. It is not unreasonable to speculate on the pos- 
sibilities of this antenna as a result of improved tower design. Such an 
arrangement would probably require a wooden tower. A three-section 
Franklin antenna would be 985 fect high if the operating frequency 
were 1500 kilocyeles. Such an arrangement would give a field intensity 
at one mile twice as large as that obtained from a simple quarter-wave 
antenna. This would be the equivalent of quadrupling the power into 
the lower antenna. 

It is of interest to note that the two-section Franklin antenna of 
total height one wavelength has the same vertical characteristic and 
field intensity at one mile as obtained from the antenna with constant 
current of the same height. 

The results indicate that the antenna with decreased velocity has 
no advantage over simpler types. This antenna in general requires a 
wooden supporting tower. When a wooden tower is used, a straight 
vertical wire with a capacity hat would be the best arrangement. It 
has been shown that the Franklin type antenna needs no decreased 
velocity. In fact, for any given antenna height, it seems that equivalent 
results can be obtained with a straight vertical wire, either loaded at 
the top with a capacity hat or sectionalized some distance from the top. 

The ring of antennas, while an interesting subject of analysis, is 
obviously too elaborate an arrangement for the small advantages it 
offers. In any event, this ring and central antenna can be replaced by a. 
single vertical wire, 150 degrees tall, with the proper amount of loading 
at the top. 

In the above discussion, it was found that most arrangements gave 
field strengths at one mile of less than 9.0 millivolts per meter. This 
was due to the fact that the vertical characteristic was not concen- 
trated sufficiently. A simple calculation shows the necessity of concen- 
trating the radiation close to the horizon. Let us suppose that the ver- 
tical radiation characteristic is constant within the angle ¢ measured 
from the earth’s surface and is zero at all higher angles, as shown by 


rF 
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the sketch in Fig. 41. Then Fig. 41 shows the field strength at one mile 
for one watt of power into the system as a function of the angle ¢. 
It is scen that the effective concentration must be within seventeen 
degrees to obtain 9.0 millivolts per meter at one mile. To obtain twice 
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‘ 
the signal obtained from a simple quarter-wave antenna, the concen- 
tration must be within nine degrees of the earth. 

No attention has been given to the relative merits of the various 
arrangements in reducing ground losses, since these merits will only be 
present when the ground system is very small. When adequate ground 
systems are provided, the carth losses can always be reduced to negligi- 
ble quantities. l 
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INPUT RESISTANCE OF VACUUM TUBES AS ULTRA- 
HIGH-FREQUENCY AMPLIFIERS* 


By 
W. R. Ferris 


(RCA Radiotron Division, RCA Manufacturing Company, Ine., Harrison, New Jersey) 


Summary—Vacuum tubes which when operated as vollage amplifiers at low 
frequency require no measurable grid input power have been found to take very serious 
amounts of power at ultra-high frequencies, The grid input conductance is shown to 
be very accurately represented Jor electrodes of any shape by the expression 

Jo = Ks ,f?r* 
where g, is the input conductance, Sm the grid-plate transconductance, f the frequency, 
and 7 the electron transit time. K is a parameter which is a function of the geometry 
of the tube and the voltage distribution. A physical picture of the effect, a simple 
theoretical derivation, and experimental proof with conventional tubes are given. 

The magnitude of g, is such that it is the principal limitation for amplifiers 
at frequencies of the order of 100 megacycles, and it seriously affects the amplification 
at frequencies as low as fifteen megacycles. The input resistance of a typical com- 
mercial tube, the RCA-57, is approximately 20,000 ohms al thirty megacycles. 
Other commercial tubes, being of the same general construction and size, have input 
resistances of the same order. The use of very small tubes, such as the RCA-954, 
with correspondingly short transit times ts shown to be a practical means of increas- 
ing the amplification obtainable with conventional circuits. 

Input capacity variation with frequency is found to be negligible with the RCA- 
57 even up to eighty megacycles and higher. However, the grid-cathode capacity is a 
Junction of the applied voltage; the ratio of this capacity under operating conditions 
to that with the tube cold having a value of four thirds Jor its minimum. The change 
in input capacity from cold to hot is of the order of one micromicrofarad for the 
RCA-57. No change in grid-screen capacily is indicated, 

The plate resistance of screen-grid tubes is found to vary with frequency but 
with the RCA-87 at eighty megacycles it is over twenty times the grid resistance and 
thus constitutes a negligible amount of the total loss in the circuit. 


INTRODUCTION 


ACUUM tubes, when used as amplifiers of small voltages 

V at low frequencies, have the unique property, compared with 
other amplifying devices, of absorbing negligible power from 

the source. At higher frequencies, circuit reaction due to feedback in 
the tube may cause an effective input power loss, but such losses may 
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be avoided by elimination of the grid-to-plate capacity admittance, 
either by the use of screen-grid tubes or by various neutralization 
schemes. The tubes themselves respond substantially instantaneously 
to all signals up to those commonly called ultra-high frequency. The 
absence of any apparent inertial effect is due to the fact that for each 
electron the transfer of charge from cathode to anode takes place at 
such high velocity that the time of transit is altogether negligible with 
respect to the period of the alternating signal voltage. The possibility 
of a change in tube characteristics when the transit time becomes an 
appreciable fraction of the period has long been recognized. It would 
be surprising, indeed, if there were no effect when the transit time 
equals or exceeds a complete period, since several groups of electrons 
corresponding to various instantaneous values of the voltage must 
then be simultaneously located between the tube elements. This has 
often been suggested as a limitation for oscillators at high frequencies. 
A little thought shows that the effect must be a continuous function 
of the ratio of the electron transit time to the period of the signal 
voltage. 

The most important effect of the transit time on tube character- 
istics proves to be a serious inphase or power component of the charg- 
ing current to the control grid. This may be expressed as a conductance 
which will be shown in this paper to vary as the square of the fre- 
quency and thus rapidly to become of enormous importance as the 
frequency is increased. The grid-cathode capacity varies scarcely at 
all with frequency in practical cases. 

This paper presents a physical explanation of the effect, an ex- 
perimental verification of the theoretically derived formulas, and 
measurements of the magnitude of the effect in various commercial 
tubes. 

In order to visualize the relative magnitudes of the quantitics 
involved, one only need consider that the electron transit time in an 
ordinary receiving tube is of the order of 107° seconds, which is the 
period of a thirty-centimeter wave. This is then ten per cent of the 
period of a three-meter wave and is an appreciable fraction even for 
much longer waves. Expressed as an angle in radians, the ratio of the 
electron transit time to the period of the signal is known as the electron 
transit angle, and it is through this transit angle that the transit time 
enters as a tube parameter. 

In 1931 B. J. Thompson, of this laboratory, predicted from ele- 
mentary considerations in connection with the study of the small 
“acorn” or “shoe-button” tubes, that the grid input conductance of a 
triode should become appreciable at frequencies for which the electron 
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transit times from the cathode to the grid or plate were not a negligible 
fraction of the period of the high-frequency grid voltage. About the 
same time W. A. Harris, also of this laboratory, derived a theorctical 
equation for the admittance of a diode, which he extended to apply 
to a negative-grid triode. This expression is identically equivalent to 
that given by Llewellyn! in his equations (32) and (33) but is appli- 
cable only to tubes whose transit time from grid to plate is a negligible 
fraction of a period of the alternating grid voltage. 

In August, 1933, H. O. Peterson of RCA Communications, Inc., 
observed a very serious damping of a tuned circuit caused by the grid 
admittance of an RCA-57 pentode, although the tube was operating 
with sufficient negative bias to prevent the flow of any electron current 
to the grid. The plate and screen grids were by-passed to ground so 
that regenerative effects were not present. This effect was called to 
the attention of B. J. Thompson who reealled his previous work and 
showéd that a loading effect of the observed order of magnitude should 
exist. 

Experimental measurements in this laboratory and obvious di- 
mensional requirements immediately demonstrated that the input 
conductance of a negatively biased vacuum tube was of the form 


dg = Ksnf2r? (1) 
where, 


Jo =input conductance 
Sm = grid-plate transconductance 
f =frequency 
7 =time of electron transit to an arbitrary point in the system 
K=a parameter depending upon several factors which could not be 
definitely determined at that time, but which seemed to depend 
upon the ratio of 7, to r2 in some manner; 7; being the electron 
transit time between cathode and control grid and 7 that be- 
tween control grid and screen? 


1 F. B. Llewellyn, “Vacuum tube electronics,” Proc. I.R.E. I. 21 
p. 1546; November, (1933). x A get 
* Llewellyn! refers to some experiments performed by J. G. Chaffee later 
publishedin Proc. I.R.E., vol. 22, p. 1018, August, (1934), which indicated a power 
loss in the grid circuit of a vacuum tube voltmeter. Chaffee’s discussion and 


loss between the cathode and the region of potential minimum between the 
cathode and grid. Conversations with Dr. Llewellyn have disclosed that he agrees 
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IL. THEORETICAL CONSIDERATIONS 


Thompson derived, from general considerations, an equation of the 
above form in the following manner: 

First, consider the process of conduction in a parallel plane diode 
(Fig. 1) under direct-current operating conditions such that a steady 
current, J, is flowing in the circuit. Under these conditions the current, 
I, at the ante is equal to the product of the charge density, p, and 
the electron velocity, v, at that point, and it is therefore customary 
to state that the plate opment is due to the rate of arrival of the elec- 


Ic=O 


Ec E 
Fig. 1—Distribution of convection current and total ae in a diode 
with direct voltage alone. 
Fig. 2—Distribution of convection current and total current in a triode 
with direct voltage alone. 
trons at the plate. It may also be argued, however, with greater rigor, 
that each electron in the space between cathode and anode induces a 
charge on the anode determined by its relative proximity thereto and 
that, since this proximity changes with the electron motion, the charge 
due to each electron changes with time, and, consequently, there is a 
current flowing in the plate due to the motion of each electron in the 
space between cathode and plate. Under static conditions this ap- 
proach yields identical results to those of the first, but it has the ad- 
vantage of being applicable to high-frequency phenomena, while the 
first is not. It is to be emphasized, then, that the current flowing in 
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an electrode is due to the inductive action of all charges approaching 
or receding from it and not due to the instantaneous arrival of charges 
at the electrode. 

Next, consider a triode with negatively biased grid, Fig. 2, under 
direct-current conditions. From the previous argument it follows that 
there is a current J4 flowing in the direction indicated by the arrow 
due to the motion of the electrons between cathode and grid approach- 
ing the grid, and another current Zg in the opposite direction due to the 
motion of the electrons between grid and plate receding from the grid. 
Since no electrons reach the negative grid, under static conditions the 
two currents J4 and Jz are equal, and the net current to the grid is 
zero. In any ‘case, however, where a difference between I, and Iz 
arises, either due to arrival of electrons at or to emission of electrons 
from the grid, or due to high-frequency variations in the convection 
current, pv, the grid current will not be zero. 

Consider next a triode with negatively biased grid and a small 
alternating potential superimposed on the direct grid potential, during 
the portion of the eycle when the potential is increasing in a positive 
direction, Fig, 3. Sinee the convection current, represented by the 
density of the dots, is a function of the instantaneous potential of the 
grid, the convection current is increasing with time. Further, since 
the convection current originates at the cathode and propagates at 
finite velocity across the space, it is greatest near the cathode and least 
near the plate, as indicated. Thus there is an excess of J4 over Is and 
there is a net current flowing into the grid. During the portion of the 
eyele when the grid potential is decreasing, Fig. 4, exactly opposite 
conditions obtain and there is an excess of Ig over 74, with a net cur- 
rent flowing out of the grid. 

The relative magnitude of this net grid current may readily be 
determined. At any instant the difference between the convection 
currents on the two sides of the grid, measured at two arbitrary points, 
is proportional to the product of the rate of change of grid potential 
with time and the transconductance, for this measures the time rate 
at which the convection current is modulated. This difference is also 
proportional to the transit time of the electrons between the two arbi- 
trary points, for this is a measure of the space modulation of the con- 
vection current. Further, the rate of change of grid voltage is pro- 
portional to the product of the root-mean-square magnitude and the 
frequency of the alternating grid voltage. Thus, 

I, = KE, fr 
or, (2) 
Yo = Kisnfr 


Derr- 
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when J, is the alternating grid current, K, an undetermined parameter, 
E, the alternating grid potential, sm the transconductance, f the fre- 
quency of the alternating grid potential, r the time of the electron 
transit, and Y, the grid admittance. From the foregoing argument it 
is clear that the admittance is in the nature of a capacitive susceptance. 

Consider the moment when the grid potential reaches its maximum 
positive value. The condition indicated in Fig. 3 still holds, for at the 
previous instant the potential was increasing, and hence the convec- 
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Fig. 3 Fig. 4 $ Fig. 5 , 


Fig. 3—Distribution of convection current and total current in a triode with 
small alternating voltage superimposed on the grid bias, during the portion 
of the period when the potential is increasing. 


Fig. 4—Same as Fig. 3, except with the potential decreasing. 
Fig. 5—Alternating grid voltage and current vs. time. 


tion current is greatest at the cathode and least at the plate. It is not 
until some time later that I4 and Iz become equal, this time being de- 
termined almost entirely by the time of transit, 7. Thus there is a 
phase displacement between potential maximum and zero instantan- 
cous grid current, which may be represented by the angle 8, Fig. 5. 
This shift in phase represents a conductive component, g, in the grid 
admittance which may be defined as 


Gey paint, (3) 


stint aii 


88 . Ferris: Input Resistance of Vacuum Tubes 


For small angles, 
0 ~ sin 6 


so (3) may be written as 
Jo = Y,0 (4) 


for small transit angles. 
Since @ is proportional to the product of 7 and fi 


UIT gC he ae 


which is equation (1). 

In using this equation it is to be noted that since 7 is not defined as 
the transit time to any particular point, the parameter K may be a 
function of 72/71, among other things, and is not capable of evaluation 
by obvious methods. It does, however, permit us to predict several 
useful relations, among these that if all of the linear dimensions of 
the tube are increased in a direct ratio, M, the input conductance will 
increase as M?. Also, if all of the voltages are changed in a direct ratio, 
N,—so that to whatever point it refers, 7 will be changed by N72 and 
Sm by N’?,—the input conductance will be changed by N-/2. Many 
limitations due to approximation in the above formula are apparent, 
among them being the setting of sin 6=6 and the ignoring in the ex- 
pressions for 7 and @ of terms involving higher powers of fr than the 
first. 

The apparent accuracy of the above formula led the author to 
seek a rigorous theoretical verification of it and a discussion with D. O. 
North, of this laboratory, led to the derivation given by him in the 
accompanying paper.’ 

His derivation, which is in the form of a trigonometric equation, 
((21) in his paper) can be reduced, as he shows, to the following form: 


26 
Sm (967 + 4460, + 4502 — 2 (178, + 356) 
Jo = —< 
4 180 | ee 
Vg 
6,2 
+ 20 | (5) 


Cs 


and since 6;=wr,, 6:=wr, where w= Qrf 


? D. O. North, “Analysis of the effects of s ace charge en grid i da X 
Proc. I.R.E., this issue, pp. 108-136. $ a 
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so the K in (1) is confirmed as being a function of 72/7, and is shown 
also to be a function of the ratio of electron direct-current velocities 
v, and v, at the grid and plate, respectively. 

The trigonometric equation for which (5) is a series approximation 

was derived on the following assumptions: 

(1) The electrodes are parallel planes. 

(2) The initial velocity of the emitted electrons is zero and the 
emission is ample; so the three-halves-power equation holds in 
the cathode-grid region. 

(3) The grid is an equipotential plane surface. 

(4) The amplification factor of the grid is high, so that electrons 
on one side do not appreciably influence the field on the other. 

(5) The alternating voltage at the plate is zero. 

(6) The alternating voltage at the grid is very small with respect 
to the effective static potential there. 

(7) The space-charge density in the grid-anode space is so slight 
that the potential distribution between grid and plate is sub- 
stantially linear. ° 


Of these assumptions, (5) is easily realized by careful by-passing of 
the plate. (2), (3), (4), (6), and (7) can be approximately realized by 
obvious expedients and limitations, although these limitations may 
interfere with the application of the formula to certain practical cases. 
(1) is difficult to realize in practice, since plane cathodes, to be of prac- 
tical dimensions, require guard rings which complicate the experi- 
mental technique. (1) may be approximated in a cylindrical structure 
if the cathode, grid, and plate are of such proportions that the lines 
of force are approximately parallel. With tubes of other than plane 
structures it is logical to use the true transit time values calculated 
from the particular structure if possible. In fact, the equation as it 
stands may be nearly correct for any structure if the proper transit- 
time values are employed. (3) presents considerable difficulty in the 
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vicinity of cutoff, and likewise (2) to some extent. (6) proves experi- 
mentally to be relatively unimportant, since the impedance changes 
by no readily measurable amount with any value of signal within 
reason. (6) is similar in this respect to the corresponding limitation 
imposed in low-frequency amplifier theory by neglecting the curvature 
of the tube characteristics. 


III. EXPERIMENTAL PROCEDURE 


In carrying out the experimental work reported in this paper a 
direct substitution method was chosen as suitable for reasonably ac- 
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Fig. 6—Schematic diagram of test circuit for investigating grid 
conductance and capacity. 


curate measurements of input conductance with little chance for 
serious error. The apparatus was placed in a copper box having two 
compartments. The tube under test was mounted inside one of these, 
and the tuned circuit with its variable inductive coupling coil and a 
tube voltmeter were placed in the other. Of the tube under test only 
the grid cap extended into this second compartment. A special socket 
with built-in by-pass condensers was used for the tube under test, 
and chokes or resistors with additional by-pass condensers were used 
to prevent coupling between the input circuit and the leads from the 
tube under test or the tube voltmeter. Fig. 6 shows a schematic dia- 
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gram of the circuit including the tube voltmeter, which is of a type 
devised by A. W. Hull of the General Electric Research Laboratory. 
This voltmeter may be considered practically equivalent to the slide- 
back peak type in that it requires only a few microamperes of cathode 
current for operation. The use of the small fixed grid bias shown was 
suggested by L. S. Nergaard of this laboratory. This reduces the 
cathode current to a very low value even when a cathode resistor of 
relatively low value is used and thus affords additional sensitivity. 
The impedance of the tuned circuit, including the tube voltmeter and 
the cold capacity of the tube under test, was about 75,000 ohms at 
thirty megacycles. The desirable feature of a high impedance tuned 
circuit is that maximum sensitivity is thereby obtained. Different 
coils were used for higher frequencies and their poorer L/C ratio gave 
much lower impedance, but good sensitivity was still obtained since 
the tube impedance was correspondingly lower at these high fre- 
quencies. 

The substitution resistors employed were “grid leaks” of the metal- 
lized-glass-rod type. Direct tests have shown that these are entirely reli- 
able up to about seventeen megacycles for values of resistance less than 
one-fourth megohm. No direct tests have been made at higher frequen- 
cies* but comparative tests between the one-watt and one-fourth-watt 

* Note added in proof: Recent measurements on the effective resistance of 
these metallized resistors indicate a considerable decrease in their resistance as 
the frequency is increased. These measurements were obtained by A. V. Haeff of 
this laboratory. Two editorials in The Wireless Engineer, vol. 12, pp. 291-295; 
June, (1935), and pp. 413-414; August, (1935), discuss this effect and ascribe 
it to the fact that the resistors behave as short transmission lines having dis- 
tributed resistance and capacity. The results obtained by Haeff can be explained 
only partly by the simple theory given in the above editorials, but any correct 
theory must include this obvious condition as one of the principal causes of re- 
sistance variation. S 

Extrapolations from measurements made at about 120 megacycles indicate 


ark the resistance values of the resistors at thirty megacycles should be about as 
OLLOWS: 


Rae Rac 
250 ,000 190,000 
200,000 170,000 
150,000 130,000 
100,000 95,000 


Below 100,000 ohms the correction at thirty megacycles is in general less than the 
experimental error. The curves numbered 6 and 7 in Fig. 8 should be corrected 
accordingly. Although the nature of the effect is such that it would change the 
slope of these two curves of Fig. 8 somewhat, the magnitude of this change is 
small and it is sufficiently accurate to redraw these curves parallel to their orginal 
position. The corrected curves should be drawn with the exact slope of —2, the 
error being in the original plotting of the points. This error is less than that due 
to experiment in this case. 

The curves of Figs. 10 and 11 should be’corrected in accordance with the 
above, and also some of the values of Table I. This error is seen to have no 
effect on the validity of the theory presented in this paper and is merely men- 
tioned at this time for accuracy ee a precaution to be taken in some high- 
frequency measurements employing such resistors at somewhat higher fre- 
quencies, 
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sizes having the same direct-current resistance but of different physical 
dimensions show no difference, and as it hardly seems probable that 
both sizes should. have the same frequency error it may be safely as- . 
sumed that the error is not of importance. The conducting film on 
these resistors is so thin and of such high specific resistance that skin 
effects should not cause any appreciable crror. This film is said to be 
continuous for the lower values of resistance, up to a few hundred 
thousand ohms at least, so no loss due to capacity coupling to isolated 
patches of coating not in mctallic contact with the main body of the 
resistor should be present. These resistors may be combined in parallel 
but not in series, since their own shunt capacity and stray capacities 
cause part of the current to flow around the resistors instead of through 
them. The effect of this capacity may be climinated by retuning with 
the parallel combination but not with the series. Experimental checks 
substantiate this argument. Capacity coupling to resistors not in the 
circuit must be avoided, preferably by removal of the resistors from 
the shielding compartment except when they are actually connected, 

This digression upon the behavior of resistors is made because of 
the interest, in the subject expressed by many people with whom the 
author has discussed it, and because of the lack of such data in high- 
frequency measurement literature. 

The actual method of measurement is as follows: A resistor of a 
value thought to be of the order of the input resistance of the tube 
under test is connected across the tuned circuit while the tube under 
test is in place, but either cold or biased considerably beyond cutoff, 
and preferably with no plate or screen voltage applied. The circuit is 
then tuned for maximum deflection of the tube voltmeter and the 
coupling from the oscillator is varied until a voltage somewhat less 
then one volt is indicated. The exact value of voltage need not be 
known as the method is strictly one of substitution, but it should be 
the smallest value which will give a good deflection on the voltmeter. 
The resistor is then removed from the shield compartment and all 
voltages are then applied to the tube under test. The circuit is retuned 
to resonance while the bias of the tube under test is varied, for a par- 
ticular value of screen voltage, until the same voltmeter deflection is 
obtained as previously existed with the resistor in place. This is re- 
peated for several values of screen voltage, and a curve is plotted. 
The entire process is then repeated for other values of resistance. Fig. 
7 is a sample curve sheet taken on an RCA-57 tube. This method is 
independent of errors in voltmeter calibration, of voltmeter resistan ce, 
and of variation of resistance with signal amplitude, since all readings 
are taken with the same deflection on the meter. Variation of resistance 
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l with signal amplitude is found to be practically absent, but the method 
is independent of it even if any such variation should exist in a par- 


| ticular case. 


Variation of tube input capacity with frequency is not of easily 


| measurable magnitude with transit angles of the order of those ob- 
| tained with commercial tubes at ordinary frequencies. There is, how- 


ever, an important variation of tube capacity with applied direct 
voltages, almost independent of frequency, which can be easily mea- . 
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Fig. 7—Screen-grid voltage vs. control-grid voltage for constant input con- 
ductance and for constant transconductance (or plate current). 

sured. The expression derived by North? shows the form of this varia- 

tion and also shows that the variation of capacity with frequency 

should be small for small transit angles. This change in capacity with 

voltage makes it necessary to retune the cireuit for each change in 

applied voltage. 

Plate resistance of tetrodes or pentodes may be measured in exactly 
the same way as input resistance, and in the case of the RCA-57 a 
rough measurement has shown it to be of the order of 50,000 ohms at 
cighty megacycles and to be very high at thirty megacyeles. It should, 
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theoretically, contain a term which varies inversely as the square of 
the frequency. The grid resistance at these frequencies is so low in 
each case that the corresponding value of plate resistance is of no 
great importance in determining the gain to be obtained with the tube. 


IV. EXPERIMENTAL RESULTS 


Fig. 8 shows experimentally determined curves of input resistance 
as a function of frequency for several types of tubes under different 
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Fig. 8—Input resistance vs frequency for several typi 
s : ypical tube types. The large 
triode (R-104 of Table I) and small tetrode‘ are special ESIa tubes. : 


operating conditions. It is seen that (1) holds to a high degree of pre- 
cision. 

Due to the difficulties encountered in obtaining tubes of exactly 
similar characteristics even of supposedly identical dimensions, it is 
practically impossible to construct experimental tubes of different sizes 


‘ B. J. Thompson and G. M. Rose, Jr., “Vacuum tubes of small dimensions 


for use at extremely high frequencies,” P ; 
Ba q » +ROC. LR.E., vol. 2Ł, pp. 1707-1721; 
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to demonstrate directly the variation of g, with Sm and r to the same 
precision as with frequency. However, in the case of the small tetrode 
and the RCA-57, having transconductances of 700and 1200, respectively, 
and spacings of the order of one to four or five, the ratio of the input 
conductances, which according to the theory should be of the order of 
one to twenty or forty, is seen to be equal to one to twenty-eight, 
which is in good agreement with the equation. 

Table I represents experimental data obtained on a number of 
specially constructed tubes, the dimensions of which are given, com- 
pared with the values of input resistance calculated from (5). The 
experimental check of (5) is entirely satisfactory except in the case of 
the R-104 triode. This may possibly be due to the fact that in all of 
the tubes except R-104 the cathode diameter is comparable with that of 
the grid, and hence the parallel plane formula is more applicable to 
them. The experimental value for the RCA-57 is seen to lie between the 
calculated values obtained by using the major and minor diameter of 
the control grid. It should be remembered that, since the input con- 
ductance varies as the square of the transit angle, a few electrons with 
a large transit angle can absorb as much power as a relatively large 
number with a smaller angle. Therefore the large major diameter of 
the RCA-57 control grid may be responsible for a considerable part of 
the input loading even though relatively few of the electrons take paths 
in the general direction of this diameter. Electrons escaping from the 
end of the anode may also have long transit times. This effect may be 
large with tube R-104 since the cathode extends almost to the open 
ends of the anode. 


TABLE I 
4 
Tube serial No. R-192 R-191 R-190 R-189 ž R-104 |RCA-57 
Cathode diam, (in.)} 0.054 0.054 0.054 0.054 0.054 0.082 10.054 
Grid diam. (in.) 0.125 0.125 0.125 0.125 0.125 1.50 0.092 X170 
Wire size (in.) 0.0045 0.0045 0.0045 0.0045 0.020 [0.0033 
Turns per inch 16.5 22 28 45 4.0 42.5 
Piate diam. (in.) 1.000 0.500 0.300 0.175 0.125 3.00 (screen) 0.265 
Y Of pine patna nes ne 150 150 150 150 300 Hex 100 
Top E E AEA kee 'O —5 —7 —5.5 3 —3 
H.. ERR 12.65 11.9 13.3 10.9 20** 
Ib. 4.25 4.5 4.4 11.5 2.5 
8m. 925 975 1000 1000 720 1480** 
Vy. 6.40 6.50 6.35 6.35 22.5 2.57 
Si 30 me 30 me 30 me 30 me 15 me }0me .- 
as 0.298 0.293 0.294 0.294 0.98 Max. 0.73 
Min. 0.24 
r-m-s mean 0.54 
Oph A COE SED 0.179 0.086 0.026 0 -0.244 |Min. 0,06 
Max. 0.18 
A r-m-s mean 0,10 
Input resistance 32,000 49,600 90 ,000 164,000} 230,006) 13,000 |Max. 50,000 
(cale. by eq. (5)) Min. 11,600 
(ohms) by mean 0; and 
, 0a 23,200 
Input resistance 23,000 |' 45,000 75,000 140,000 5,500 19,000 
(observed) (ohms) 


-i 


* Limiting case with #,=0. 
** Ag triode. 
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Another source of possible failure of (5) to check with experimental 
measurements, on some tubes, is the loading effect of positive ions 
which may be emitted from coated cathodes in considerable numbers. 
There is evidence that these ions from some cathodes may cause the 
Space current to be more than twice that caleulated from the three- 
halves-power equation. lons are known at times to make many trips 
around a cathode of small diameter, relative to the anode, and in such 
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Fig. 9—Electronic loading equation. Comparison of series approximation 
(eq. (5)) with exact trigonometric equation. 


cases their effective transit angles could reach very large proportions. 
The effect may also contribute to the low measured input conductance 
value of tube R-104. 

Equation (5) is subject to a further limitation that 6, and 62 be 
small in comparison with unity, but the transcendental equation from 
which it is derived is not so limited. A check of (5) shows that 6, may 
become almost as great as x without seriously affecting its validity. 
The same is true of b». Thus (5) may be considered adequately precise 
for all practical transit angles except for tubes operating near cutoff, 
for which the complete expression must be used. This is illustrated in 
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Fig. 9 which is calculated for an imaginary ideal triode with perfect 
cutoff. The variable nature of the cutoff in actual tubes smooths out 
the oscillations indicated in Fig. 9 so that they may be ignored except 
at very high frequencies for which 4 and 6, are large even far from 
cutoff. 

Figs. 10 and 11 show the measured values of input resistance as a 
function of grid bias and direct plate voltage for two special laboratory 
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D-c cals VOLTS (Ec) 
Fig. 10—Electronic grid circuit loading vs. grid bias with various plate 
voltages. Grid-plate spacing corresponding to usual practice. 
tubes whose dimensions are shown in the inscts. The calculated values 

were obtained from (5). 

The opposite trend of the curves of Fig. 9 with respect to those of 
Figs. 10 and 11 is duc to the departure of the transconductance of the 
actual tubes from the theoretical variation with the square root of the 
effective grid voltage, which is assumed in Fig. 9. This departure is 
considerable and is duc largely to grid side-rod cutoff effects on the 
electron stream and to irregularities in the grid. In the actual electron 
stream, however, the theoretical distribution of potential is still closely 
approximated, and since both input conductance and transconductance 
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vary together with the area of the electron beam, the values of input 
conductance calculated from the measured transconductance may be 
expected to be substantially correct. Some tubes show a pronounced 


‘minimum of input resistance vs. grid voltage. The tube of Fig. 10 sug- 


gests a minimum of resistance for E,=250 volts and E.=5, but the 
curve is too flat to show this with certainty. 

The measurements adequately demonstrate that the input con- 
ductance results from the electron transit times in both the cathode-to- 
grid and grid-to-plate spaces, and that for parallel plane or conven 
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Fig. 1!1—Electronic grid circuit loading vs. grid bias with various plate 
voltages. Abnormally large grid-plate spacing. 
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tional cathode type tubes the magnitude of the effect may be calculated 
with sufficient accuracy for design purposes by (5). 


V. EFFECTS or ELECTRONIC LOADING ON AMPLIFICATION OF ULTRA- 
Hicu-FREQUENCY SIGNALS 


The large value of grid conductance, relative to the transconduc- 
tance, at frequencies of the order of thirty megacycles and higher, 
proves to be by far the most important cause of the low amplifications 
observed experimentally at such frequencies. It is readily apparent 


order of 100 megacycles, the electronic loading loss alone is equal to 
the output power, since the grid input conductance is then equal to 
the transconductance. Circuit losses, if large, would tend to lower this 
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frequency limit considerably, but they prove to be of practically 
negligible magnitude in comparison with the electronic loading in many 
cases. Tuned interstage coupling circuits with an over-all impedance 
of the order of 75,000 ohms at thirty megacycles have been made with 
ordinary helical coils. This value was measured in a circuit with all 


tubes and shields in place but with the tubes cold. With the tubes hot: 


and biased below cutoff, the impedance was substantially the same. 
The usual composition tube bases and sockets were not used. By the 
use of a smaller coil in the same circuit, an impedance of over 6000 


ohms could be obtained at eighty megacycles, the difference being. 
largely due to the reduced L/C ratio. (A standard but slightly altered. 


variable condenser having a range of one to twenty micromicrofarads 
was used and the tube capacities totaled about ten micromicrofarads.) 
Transmission-line interstage tuners can be made to have very high 
over-all impedance even at frequencies higher than 300 megacycles. 
The transconductance of screen-grid tubes is only slightly reduced at 
high frequencies and the plate resistance has been found to remain 
relatively high with respect to the grid resistance. Rough measure- 
ments showed the plate resistance of a standard ’57 tube, excluding 
dielectric loss in the base, to be over 50,000 ohms at eighty megacycles, 
at which point the grid resistance was about 2700 ohms. The phase 
angle of the transconductance can have no effect on the total gain 
obtainable with well-shielded screen-grid tubes used as amplifiers. 

In spite of the good values of circuit impedance which can be ob- 
tained, the maximum possible gain of the ’57 tube is only about fifteen 
at thirty megacycles and it is reduced to unity somewhere near 100 
megacycles, since at this frequency the input conductance becomes 
equal to the transconductance. _ 

A suggested figure of merit for high-frequency amplifier tubes is the 
frequency at which the input conductance becomes equal to the trans- 
conductance. This, in addition to the static characteristics, would 
allow the calculation of the performance of the tube at all frequencies 
and would show the upper frequency limit of the tube for amplifier 
use. 

With tubes of the dimensions of the RCA-954, the input resistance 
at a given frequency is some twenty times better than for standard 
tubes. This permits signals of a frequency four or five times higher to 
be amplified with the same gain. Gain of unity or better has actually 
been obtained at about 430 megacycles using RCA-954 pentodes. 

The construction of intermediate-frequency amplificrs operating 
at thirty megacycles and having a gain of fifty or sixty per stage should 
be possible with these tubes although neutralization of the grid-plate 
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capacity might be necessary with the high load impedance which this 
would necessitate. 

Tubes used as superheterodyne converters should permit operation 
at a much higher frequency than the same tubes used as amplifiers. 

Increasing the voltage applied to conventional types of tubes would 
improve conditions considerably but cannot be carried very far be- 
cause of the excessive dissipation resulting. 

The use of very small tubes, such as the RCA-954, provides an 
entirely satisfactory method of obtaining amplification at frequencies 
up to 300 megacycles, and by an extension of this principle it seems 
possible to extend the limit to perhaps 1000 megacycles with conven- 
tional circuits and reasonable voltages. 
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Fig. 12—Transit time and related quantities as obtained from measured 
values of 7e, s,, and the dimensions of the tube vs. grid-bias voltage. 
APPENDIX I 
Calculation of Electron Transit Times in Vacuum Tube Structures 


The application of (5) requires the calculation of the electron 
transit times rı and rə, which are the times of transit of an electron 
-from cathode to grid and from grid to plate, respectively. The transit 
times are functions of the geometry of the tube and the effective 
voltages at the elements. 


Calculation of Effective Voltages 


In tricdes, the effective voltage of the plate is simply. the applied 


direct voltage, and in screen-grid tubes the pitch of the screen is usually 


ro 
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so fine that the screen may be considered to be practically equivalent 


For parallel-plane tubes® 


Es 
—+H,+e 
a B=AVp2=4| ——— 


For cylindrical tubes’ 


Ey 
—+H.+e 
B 


to a solid sheet of metal at the applied sereen potential. 

The effective control-grid potential, V,, may be calculated entirely 
from the physical dimensions and applied potentials of the tube, but 
irregularities in the structure of practical tubes make the following 
method much more reliable. The ratios b/a, or log re/r¢ in the expres- 
sions below, are the only terms which cannot be determined electri- 
cally, and since they are terms of relatively small magnitude they need 
not be measured accurately, a good estimate usually being sufficient. 

Considering the tube as an equivalent diode with the potential V, 
at its anode, located at the planc of the grid, we have— 


A =proportionality constant 


3/2 
E,=plate voltage 
E,=grid-bias voltage 
I e=contact potential 


u=amplification factor 


a= cathode-to-grid spacing 
(cm) 


Ne 


b =grid-to-plate spacing (cm) 


L=AV{2=A 


Bu 


In either case 


expression for Vy. 


1 


I2 
\ 1+—+ — log — 
u 


dI, 
Sa 

dE: 

bl 
V, = aS 

28m 


rp l rq=radius of grid (cm) 
ra rp=radius of plate (em) 


r,=radius of cathode (cm) 


3 ae. 
SAV 
2 dE, 
dV, 
dE,’ 


where Ts, u, and Sm are determined experimentally with some arbitrary 
setting for A, and E.. It may be seen that the two factors, A and e, 
which are not always casily determined, automatically drop out of the 


The value of dV,/dEe, which is 


1 


1 4 b 
14+—+- 
H ju a 


6 These formulas have been published by B. D. H. Tellegan, BZN-Physica, 


5e, p. 301, (1925). 
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for plane and cylindrical structures, respectively, is nearly equal to 
unity if u is very large. However, it should not be neglected as a factor 
in most cases. 

These expressions are for the space-charge-limited condition. In 
the absence of space charge, the factors (4/3)(b/a) and (2/3) log 
(7p/rg) in the expression for dV,/dE. should be replaced by b/a and 
log (rp/re)/log (re/rx), respectively. 

The value of V,, so obtained, is satisfactory for values of grid bias 
near zero and down to about one third of the cutoff value. Extrapola- 
tion to transconductance cutoff may then be employed, Fig. 12. 


Calculation of Transit Times 
For parallel plane structures (space-charge-limited) 


-= V = voltage at point z between 
* dx 2Ve 

Ti = { — where v = —— cathode and grid. 

0 


v m . 
v = electron velocity at z. 


a = cathode-grid spacing (em). 
‘| ‘De Var 1 „2e V,3/2 


i= = / ; since the current density is the 
nV m x? on V m, a? 2 


same at all points in a parallel plane structure. 


1 3 zT 4/3 q?ls a dz 
Y = V {— ; so 71 = > 
a Vg Jo z? 


q2/3 


n dz 3a 3a 
Vee pt N 5.05 101 8 
m 


Vee 


This is exactly 1.5 times the time required with the electrons uni- 
formly accelerated, as is the case in the absence of space charge. 


For concentric cylinders (space-charge-limited) 


i dr Wee 
75) i= == (ames . 
k v m 


To 


The plate current for concentric cylinders! is 


° The functions 8 and d8/dy have been defined and partly tabulated by 
Langmuir and Blodgett, Phys. Rev., vol. 22, p. 347-356, (1923). ADALE y 


| 
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r 
o = 
x 9 m rB? Ea m mb? (>) 


2 2/3 2) 1/3 ry 
V = Z) ; S0 Tie = Ce Í (Be) al 3dr. 


rib? 2e V, To 
m 
This may be written 
Gere) 
K(rı San Yo) 3 dy 
cen nen HITT Mee pa where y = log rı/ro. 
nT 5 OR TOV, E eons 


The value of K ranges from 1.5 to 3 for internal cathodes, depend- 
ing upon the value of 11/79, and from 3 to infinity for external cathodes, 
Fig. 13. 

For concentric spheres (space-charge-limited)— 

An analogous value of K can be shown to range from 1.0 to 3 for 
concentric spheres with internal cathodes, and from three to infinity 
for spheres with external cathodes. The plate current for concentric 


spheres’ is 


ile) 
== oe a= = 
; 4 Qe Val? 4 26. Ep” To 
9 m a 9 n a’ rı 
Q1 -s(= 
To 


And the equation for the transit time in spherical structures is 


3 Oy = ro) EY dla?) r 
eee ae E 
2 Vy «e — 1l dy To 


Calculation of 7: (with negligible space charge): 
Since the potential distribution between grid and plate is linear, 


for parallel planes 
b 2b b = grid-plate 
T = ——_— — i. 
Fog toe) 5.95-10(V,? + By?) specie (em): 


7 The function, a, has been calculated bv I. Langmuir and K. G. Blodgett. 
Phys. Rev., vol. 24, p. 49, (1924). 
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For cylinders with negligible space charge! 


2ra 1 VEE 
5.95 107V E" EYE J yV E 


where, 
E 
log rp/re 
For small ratios of rp/rc, say less than 2, the value of ra may be 
found approximately by assuming the plate and grid to be parallel 


planes, so 
2(rp =n ra) 


5.95- 107(V,"2 + EY”) ` 


LO. 


dz Formulas and Curves,” Second (revised) Edition; B. G. Teubner, 


8 f: is tabulated in Jahnke and Emde “Tables of Functions with 
0 Leipzig and Berlin, p. 106, (1933). 


DISCUSSION 


J. G. Chaffee:! The data presented by Thompson and Ferris at the Rochester 
Fall Meeting on November 13, 1934, indicate that the active grid loss in vacuum 
tubes increases as the square of the frequency. In my paper? in which measure- 
ments on this type of grid loss were first reported it was shown that the loss in a 
vacuum tube increased almost directly with the frequency over the region em- 
braced by the measurements (7-18 megacycles). Thompson and Ferris limited 
their discussion to vacuum tubes operated as class A amplifiers, while the dis- 
cussion in my paper related to vacuum tube voltmeters. That it is this difference 
in operating conditions which accounts for our apparent disagreement is shown 
by the following set of data. ; 

The active grid loss in a certain vacuum tube was measured by the method 
outlined in my paper when biased first an an amplifier and then as a detector or 
voltmeter. The results are shown in Fig. 1. The statie characteristics of this 
tube are shown in Fig. 2, in which the operating points at which measurements 
were made are marked to correspond with the designations in Fig. 1. Curve 
A, taken with the tube operated as an amplifier, shows by its slope that for this 
condition the active grid loss increases as the square of the frequency in agree- 
ment with the findings of Thompson and Ferris. Curve B was secured with the 
same grid bias but with reduced plate voltage to obtain an operating point 
suitable for plate curvature detection. In curve C this same condition was ob- 
tained with 4 higher grid bias and with plate voltage corresponding to curve A. 


1 Bell Telephone Laboratories, New York City. 


2 “The determination of dielectric properties at very high frequencies,” Proc. LR.E., vol, 22, pp. 
1009—1020; August, (1934). : 


106 Discussion on Thompson and Ferris Paper 


7 
> 
7 
y~ stores) 
w 
fe) 
est 
= 
fe} 
a 
4 
= 
z 
uw 
0 
á 
Se 
2 
Z Ye 
S S 
g 7 
Oo 
Z~ sope=1 
1 
10 15 20 30 40 


MEGACYCLES PER SECOND 


Fig. 1—Active grid conductance vs. Frequency 
Curve A: E,=1800 E. = —9» I, =4.5 ma. 
Curve B: BE, =67» E.= —9 Iy,= ll2ua. 

Curve C: F,=180v E,= —3ly I, =112ua, 
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Fig. 2—Static characteristics of tube used in obtaining data shown in Fig. 1. 
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Both of these latter curves have'a slope of approximately 1.1, so that in these 
cases the grid loss is roughly a linear function of frequency. 
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Fig. 3—Data given in original paper replotted to conform with Fig. 1. 


For comparison the data given in my original paper, plotted in similar 
fashion, are shown in Fig. 3, which is seen to agree closely with curve C. 
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ANALYSIS OF THE EFFECTS OF SPACE 
CHARGE ON GRID IMPEDANCE* 


By 
D. O. Norrs 


(RCA Radiotron Division, RCA Manufacturing Company, Ine., Harrison, New Jersey) 


Summary—Previous theory of transit-time phenomena in high vacuum diodes 
as extended and augmented to provide an explanation of the high-frequency behavior 
of high-u amplifiers with parallel plane electrodes. For mathematical reasons the 
analysis is restricted to triodes with plate at alternating-current ground and to 
tetrodes with screen grid at alternating-current ground. Expressions for internal 
input loading and capacity are derived, showing the dependence upon frequency, 
voltages, and tube dimensions, and it is shown how the theory in its present form 
can be made quantitatively applicable to many commercial tubes of cylindrical de- 
sign. 

In agreement with both elementary theory and observation, the theory shows 
that at the threshold of the effect the input loading varies as the square of the fre- 
quency. For the RCA-&? there is calculated an internal input resistance of 21 
megohms at one megacycle, dropping to 2100 ohms at 100 megacycles. These figures 
are in excellent agreement with actual measurement, and illustrate the tremendous 
importance of transit times in the design of tubes for ultra-high frequencies. It is 
likely that internal input power losses of this character, together with closely allied 
losses in transconductance, are primarily responsible for high-frequency failure of 
both amplifiers and oscillators. 

“Hot” input capacity exceeds the “cold” value. The magnitude and dependence 
upon tube parameters is given; the increase is primarily due to space charge but 
also depends upon m/7, the ratio of the electron transit time between control grid 
and plate to the transit time between cathode and control grid. In agreement with 
observation, the theory indicates very slight frequency dependence. 

There is included a brief account of tem perature-limited diodes, illustrating 
their possibilities as a source of high-frequency negative resistance. 


INTRODUCTION 


NTIL recently it was not only convenient but effective for the 

| | engineer to picture his vacuum tube as an “inertialess” device. 
For moderately high-frequency applications it is still correct 

and useful to look upon the electron carriers as entities moving in- 
stantaneously from one electrode to another, for the time of transit is 
usually of the order of 10% seconds. But when the frequency is pushed 
above five to ten megacycles, the old concept crumbles and its utility 
fades away. For if the electron has a transit time comparable to the 
period of the oscillation it is used to promote, the space charge, and 
therefore the potential distribution, is radically altered, and the elec- 


* Decimal classification: R130. Original manuscript received by the In- 
stitute, June 26, 1935. fj p y 
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tron is subjected to high-frequency forces whose phases vary in a 
marked fashion even while the electron is moving from one electrode 
to another closely adjacent. .. 

Benham!” provided, the first analysis of the high-frequency prob- 
lem. His second paper particularly presents an excellent analysis of 
the electronics of a space-charge-limited parallel plane diode. Müller’ 
followed this with a treatment producing the same net results, but 
from a somewhat different mathematical attack, which appears to the 
present author to be at once more concise, easier to grasp, and less 
cumbersome in manipulation. Llewellyn,*® in this country, has probed 
the problem further, in his first paper pursuing the method of Benham, . 
and in his second showing the equivalence of Miiller’s solution. In these 
publications extensions of the theory have been made largely to ex- 
plain the operation of positive grid tubes; e.g., Barkhausen oscil- 
lators. In this paper, as well, a theory for high-u, negative grid triodes 
and multielectrode tubes will be based upon the parallel plane diode 
solution which will be found in the Appendix. 

In order to examine the electronic behavior of tubes possessing 
erid electrodes, certain simplifying assumptions will have to be made. — 
First, we treat only the parallel plane array, for as yet no manageable 
solution of the cylindrical diode has been found. (Benham illustrates 
the difficultics encountered in his 1931 paper.) Second, we assume that 
space-charge density in regions remote from the cathode plays no 
significant part in the determination of the potential at any point. 
That this assumption is invalid for a treatment of the cathode-grid 
space is well known; e.g., note the enormous difference between the 
direct-current solutions for temperature-limited and space-charge- 
limited diodes. Still it is justifiable to make the assumption in a dis- 
cussion of any of the other spaces in the tube provided electrons which 
pass the control grid at a potential of at least a volt or two never later 
enter regions of lower potential. In usual practice, e.g., in tetrode 
amplifiers, the clectrons are continually accelerated as they progress 
towards the plate, the space-charge density falling off inverscly to the 
velocity. Third, we confine our discussion to high-» grids so that, in 

1W.E. Benham, “Theory of the internal action of thermionic systems at 
moderately high frequencies—Part 1”, Phil. Mag., vol. 5, p. 641; March, (1928). 

2 W. E. Benham, “Theory of the internal action of thermionic systems at 
Hee high frequencies—Part I1,” Phil. Mag., vol. 11, p. 457; February, 
3 Johannes Müller, es oscillations in high vacua,” ITochfrequenz. und 
Elektroukustik, vol. 41, p. 156; May, (1933). 

sr OB. Llewellyn, “Vacuum tube electronics at ultra- high frequencies,” 
Proc. I.R.E., vol. 21, p. 1532; November, (1933). 


5 F., B. Llewellyn, “Note on vacuum tube electronics at ultra- high fre- 
quencies,” Proc. I.R.E., vol. 23, p. 112; February, (1935). yon 
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speaking of the image of an electron in its environment of conductors, 
we can with confidence assert that an electron situated between any 
pair of electrodes is imaged in only these two. Fourth, it will be as- 
sumed that the trajectories are straight lines and that all electrons 
possess the same transit times. At first these last two assumptions may 
be thought a very serious limitation upon the validity of the ensuing 
analysis, the third because no matter how high a u the grids may pos- 
sess there is always a certain amount of electron-field penetration, the 
fourth because of the action of the grid wires upon electron paths. In 
the absence of clinching theoretical justification, and a statement of 


[o] By 


xy 


' Fig. 1 


percentage errors, sufficient a posteriori vindication exists in the excel- 
lent agreement between the conclusions of this theory and observation. 


Part I—FUNDAMENTAL THEORY 


No attempt will be made in this paper to discuss triodes with ex- 
ternal plate impedance; the author hopes to discuss this problem at a 
later date. Here we shall confine ourselves to the relatively simpler 
problem of triodes with grounded plate, and tetrodes with grounded 
screen grid. In Fig. 1, the plane [0] represents a source of electrons 
which move to the right to impinge upon or to penetrate the plane 
[1]. With so general a statement at the start, we shall later find it a 
simple matter to convert our findings to a variety of uses. For example, 
we can take [0] to be the cathode and [1] to be the plate of a tempera- 
ture-limited diode. Usually, however, we shall consider [0] the grid 


© 


and [1] the plate or screen grid. In any case we shall assume either 
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[0] or [1] to be at alternating-current ground potential so that al- 
though alternating currents may flow in either electrode the alternat- 
ing-current field existing between the two will be represented by an 
alternating voltage on only one electrode. 

Let us then place a voltage Vo(1+N cos wt) on the plane [0] and 
a voltage Vi on [1], thus putting [1] at alternating-current ground 
potential. For convenience we write 


k = (Vi/ Voy. | (1) 


We shall suppose, further, that the charge density p and the velocity 


v are given at the plane [0] as functions of the time ¢, thus 
p(t) = po + pa cos wt + py sin wt ) (2) 
v(t) = vo + Va cos wt + va sin wt f l f 


The quantities pa/po, va/v0, ps/po, Vo/Vo, N are all to be assumed small 
so that squares and cross products can be discarded. As a result the 
conduction current y will be 


y = pv = vo + Ya cos wt + Ya sin wl } 
to = polo, Ya = Palo + pa, Wo = poo + pos 


(3) 


wherein, 


0 


The dynamics of a single particle of mass m and charge e is then 
completely represented by 
de eVo 
— = —[(1 — k?) + N cos wt] (4) 


dt? Maxi 


and its integrals. Suppose the charge emerges from [O] at the instant 
tp. Successive integrations give the velocity at time t, 


da eVo f N A ‘ l 
— = —?} (1 — k(t — to) + — (sin wt — sin wto) ¢ + olo) (5) 
dt maz w f 
and the position at time £, 
eV (t — ty)? 
peas gee) ; o) 


MT \ 


i (6) 
— Pl wl — cos wto) + w(t — to) sin stol} + (t — to)v(to). 

The current flowing from [0] to [1] at time é as a result of the motion 
of this particle is shown directly from image theory to be (e/x1) (dz/dt). 
Hence the current per unit area of [0] at time t due to charges which 
emerged from [0 | between the instants fo and lot dto is 
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Y (to) TE dto, i (7) 


di = 
Tı 
The total current per unit area at time ¢ will be the integral of this ex- 
pression over to from t)=t—7 to to=t where 7 is itself a function of £ 
and represents the time of transit of that electron which at the instant 
t is just reaching [1]. That is, 
t Y(to) dz 


= Reve 0 


ae ay at 


where 7 is defined by (6) in which one sets =a, t—ty=7. The integral 
gives 
t eVo 1 — k? VoT 

an 


= z T 


On mx 2 Xi 
eV I— cosh ya cos 0+0 sin ĝ— 1 
AlN +— (1—k?) ———______ 
MT? 0? Wo @2 
y sin 6—6 cos 6 vor Ya sin 8 
+cos wt a ey k?) ———____ | of 
0 a Yo 0 
Ya 1—ecos a va sin 0 va l— cos | 
Yo 0 Vo 0 Vo 0 
£ l (8) 
eVo é—sin A Wa sin 8—9 cos 8 
T| N ——— + (j — k?) — — 
MT? 0? Wo 0? 
y cos 0+9 sin m v a l—cos 6 
Ea e a -| “|e 
Yo = LiLo 0 
Ya sin ð va 1—cosé@ v, sin “| 
Yo 0 Vo 0 Vo 0 
in which, as is customary, we have defined the transit angle 
0 = ar. (9) 
Equation (6) becomes 
eVo 1-k? VoT 
i= l ae 
ma? 2 Ly 
eVo cos 0+8 sin 0—1 vor va v 
+ cos at} N s + À i cosd- ain |} (10) 
MX, 0” Til Vo Vo 


; eVo sin 0—0 cos 0 vor va : 
+sin wt TN - ——_ + —_ T sin TS COS o|} : 
Vo 


mx? 02 TiL Vo 
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This equation makes apparent the truth of the statement above, that 


| - + is itself a function of t. And since this is the case we must be careful 


not to neglect the dependence in evaluating 7 for use in (8). The ques- 
tion, however, can be mct handily by simply subtracting (10) from (8), 
thus ridding (8) of direct-current terms involving 7. When this has 
been done we again assume all modulation coefficients to be small and 
evaluate + from (10) from which the cosine and sine terms are dis- 
carded. That is to say, we evaluate 7 from the direct-current equation 
eVo 1 — k? VoT 
= pt. (11) 


mx? 2 w 


If all charges in motion originate at a zero-potential plane with zero 
emission velocities, then 


— eVa = ġmw?. (12) 


(Note: The usc of (12) requires all direct current potentials to be nega- 
tive for positive ions, or, conversely, positive when we speak of elec- 
trons in which event the implicit sign of e is negative.) 
Consequently, 


VoT 2 eVo F 2 


—— r = — . 13 
mx? (k + 1)? Cy 


And for evaluation of 0 one has, for clectrons 
eS 3.365 X 1078  z(em) 
t(sec) = — areas 
k+1 4/V (volts) 


(14) 


Subtracting (8) from (10) and using (13) we have” 


À 7 a Sie: TPE 
E ee cos 0+0 sin 0 Umg sin 0—0 cos 0 
20 lyo 0? Yo 0? 

i i 2 =: 2(1-- cos 6)—8@ sin 0 

=- k+iLyo 0? 

Ya 2 sin @—O(1+cos 8) va. sin 0—90 cos 0 
aO - TA x 

Yo 02 à Vo 8 

ve cos 0+8 sin 0-1 
sees | 

Vo 9 


2N (2(1—cos 0)—0 sin 0) 
j (15) 


Gear)? 0? 
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sin 0—8 cos 6 cos 0+8 sin d—1 
eS RE 


-++sin Ge 7 J 52 
2 [Ya 2 sin 6—6(1+ cos 6) 
Sane 0? 
Ya 2(1— cos 8)—08 sin ð va cos 0+9 sin 8—1 
2 0? pare 6 
va Sin 0-6 cos 0 2N 2 sin 6—6(1+cos 0) 
0 OO l (+1)? o? f 


This expression can be analyzed briefly as follows: The N terms arise 
from the interaction of the modulation voltage with the unmodulated 
part of ¥; i.e., with 2. The other terms are a mixture of three effects 
rather difficult to separate at this stage, namely, the modulation in y 
at [0], the moduation in v at [0], and the variation in total charge con- 
tent between [0] and [1] due to the variations in y, v, and the modula- 
tion voltage. It must be remembered that the electrode capacity (“cold” 
capacity) of amount 1/4rz, has not been included in this expression, 
so that any evaluation of the out-of-phase or sine component of (15) 
will not be complete without the addition of this cold capacity current. 
Equation (15) purports to give the currents arising from the motion 
of “free” charges alone. 


Part II —TEMPERATURE-LīMITED DIODE 


For this case we take [0] to be a source emitting charges of zero 
velocity in insufficient numbers to alter seriously the linear potential 
function. Thus yo=y,=ve=v,=0. The current from [1] to [0] will 
then be-the negative of (15): 

2N (fF 2(1 — cos 8) — 9 sin 9 
to + To 
(k +1)? 6? 
2sin ð — 6(1 + cos 8) 
= Fi sin a| : 


ria 


COS wt 


Now, to insure zero emission velocities, we must set [0] at zero po- 
tential and transfer the modulation to the plate so that [1] has a po- 
tential V; (1+-N cos wt), then, 


N 


ec ENE 
(k + 1)? 
and, į 


da ge 


Pe a a Ee ee ae a ee gee ee a RE eee Eva Ie ane Seer eR EEG \ RP ON Ee heat aa A at, eee eee LY Sak Pa ae ee ake ee tN ge RN Se ea” 


. 
North: Effects of Space Charge on Grid Impedance 115 
fof 201 — cos 6) — Osin 8 
i= te (NVR = | cos wl 
Vi 8? 
2 sina — A1 + cos@) | 
= ee sinwt |. 


Remembering that. in the case of electron carriers ño must be negative, 
or in the case of positives Va must be negative, we have in either case 
an alternating-current, conductance of amount 


| To | 2(1—cos @)—4 sin 0 | ty | 0? 0? 
Q= D He | de H 
aea a ate 15 
and an inerement to the cold capacity of amount . (16) 
| va | 2 sin @—@(1+cos A) | he | 7 392 
AG= T2. _- zm e e | — —— 
[v] as ea eee 20 


One will observe that here we have a curious reversal of the situation 
for space-charge-limited diodes, for which the inset of high-frequency 
effects is manifested by a lowering of the conductance and a decrease 
in the cold capacity. ? The physical differences are not easy to analyze 
and depict, But a clearer view is had by comparing these results with 
those obtained by Benner‘ for charges shot at a uniform rate and with 
constant velocity between a pair of deflection plates. Benner's theory 
found a positive loading, as we have found, but a decrease in the capac- 
ity. This decrease was explained, probably correctly, as due to the in- 
ertial or inductive-lag effects in the electronic alternating-current veloc- 
ities. In our case the same effects are present but are dominated by the 
variation in total charge content arising from the fact that the transit. 
time is a function of ¢, which is not true in Bennecr's problem. In fact, 
our formula differs substantially from Benner’s only by reason of our 
use of the complete equation (10) instead of only the direct-current 
portion; i.e., aside from the trivial difference that in our case charges 
move with a direct-current acceleration whereas Benner’s direct-cur- 
rent charge velocities are constant. It seems evident then that Benner’s 
conclusions are not pertinent to structures in which the alternating- and 
direct-current fields are aligned. And to the author it appears fruitless 
for Benham to contrast his analytical findings for the change in capac- 
ity of a space-charge-limited diode with Benner’s formula. Nor does it 
seem appropriate for Sil’ to compare any of his experimental measure- 


12 Loc. cit. Part I]. See discussion of diode in the Appendix to this paper. 

6S. Benner, “Alteration of the dielectric constant of a highly rarefied gas 
by electrons,” Ann. der Phys., s. V. b. IIT, p- 993, (1929). 

7B. C. Sil, “On the variation of the interelectrode capacity of a triode at 
high frequencies,” Phil. Mag., vol. 16, p. 1114, (1938). 
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ments of the plate-grid capacity of a positive-grid triode with Benner’s 
expressions. 

It will be noted that (16) provides an opportunity for producing 
negative resistance oscillations; the conductance has negative maxima 
at approximately alternate roots of 0=3 tan 6. The largest negative 
conductance obtainable is G = — (1/5) | io] /| V,|, when 0~7.45 radians. 
In view of the large @ required this method would have practical diffi- 
culties unless the frequency of operation were very high so that the 
spacing could be kept reasonably small. Then one could be sure of ob- 
taining a reasonably large 7) with a small enough V, to give a good 
negative conductance without danger of running into space-charge 
limitation. This last difficulty could certainly be avoided by the effec- 
tive but wasteful use of a positive grid of fine mesh near the cathode. 

The author wishes here to take exception to Benham’s statement? 
that “The fact which emerges when space charge is taken into account 
is that whenever there is a transit of electrons between a space-charge 
limited cathode and an anode there is a negative resistance within the 
system for some value of pT. The negative resistance property may 
thus be regarded as inherent in the space charge itself.” The first 
sentence is certainly true, but if the second was meant to convey the 
impression that space-charge limitation is essential to a negative resist- 
ance diode, (16) seems to disprove the contention. Hence, contrary to 
Benham’s views, this author feels that a suitable theory of Barkhausen- 
Kurz oscillations can be built upon a basis of complete temperature 
limitation, and hopes to present such an analysis shortly. 


Part III —SCREEN-GRID AMPLIFIER 


Here [0] will be considered the control grid, biased negatively; [1] 
will then be the screen grid with a high positive bias as usual, and at 
alternating-current ground potential. Alternatively [1] may be con- 
sidered the plate of a triode, but since our theory is limited it will still 
have to be placed at alternating-current ground so that this does not 
represent a practical amplifier although it is precisely the arrangement 
described by W. R. Ferris’ in the accompanying paper setting forth 
the experimental end of the grid-loading problem. 

Vo will then represent, not the grid-bias voltage, but the effective 
potential in the grid plane as determined from the well-known u formu- 
las, or experimentally by direct observation of static characteristics. 
The modulation voltage VV, cos wt is not quite the impressed grid 


2 Loc. cit., Part II, p. 497. 


8 W. R. Ferris, “Input resistance of vacuum tubes as _ultra-high-frequency 
amplifiers,” Proc. I-R.E., this issue, pp. 82-105. : 2 ` 
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voltage. In a triode the voltage effective at the grid plane:is 


E, 
Vo == (B. ES + <) 


where ¢ is a contact potential, and where, to good approximation, 


1 4 Uy =L 
c= E ue Hı i =)| (17) 
M 3 £o 


zo and zı being the grid-cathode and grid-anode spacings respectively. 


} ; l ; 2 zot zı eo r 
(For a cylindrical structure o=] 1+ (: } log )| provided 
H 


To 


the ratio of grid-to-cathode diameter exceeds 10.) Hence’ the actual 
alternating voltage applied to the grid is NVo/o cos «t. The “static” 
or low-frequency transconductance is consequently 


(18) 


In the case of a tetrode, inasmuch as the plate is usually well shielded 
from the rest of the tube by the screen grid, it will be feasible to use 
these relationships also, forgetting the plate entirely and treating the 
screen grid as though it were the anode itself. 

We shall calculate the total current from grid to ground. In the 
Appendix, (10) and (11) furnish us with the current from ground to 
grid in the cathodc-grid space to which we shall hereafter refer as the 
first. space (@:), while (15) above gives us the current from grid to 
ground in the grid—scrcen-grid space which we shall call the second 
space (62). The sum of these currents, taken in the correct manner 
with duc regard for signs, gives us the total current flowing from con- 
trol grid to ground (with the exception of the “cold capacity” current 
in the second space). One must remember that in all of these equations 
io is implicitly negative if electrons are the carriers. Since the grid is 
biased negatively and can draw no electrons to it, the direct current 
will be found to vanish when the total grid. current is obtained. Defin- 
ing Ci and Cs as the “cold” capacity per unit area of the first and second 
spaces respectively, we obtain the following expression for the total 
grid-to-ground current, including all capacity currents: 
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a { / Ta COS 62+62 sin ba—1 /ya sin 62—62 cos bz / ys 
—=NF- +) -2 ; SE —— {> 
; To b2? Yo 02 Yo 


2 É — COS 02) — bz sin As (=) 
+1 622 Yo 
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2 sin 0a—ba(1+cos 2) / YN sin 0.—62 cos b2 / Da 
+ f ae Bi apn AE 
69? Yo 2 
cos 2+0 sin 62—11 / a 
ti 2 


Ge Vo 


Vo 


+ 


2 2(1— cos 62) — 6 sin 6. 1 
l ER = bos ot (19) 


(k++ 1)? 6,2 


; t Sin 02 — 02 COS b2 / Wa COS 6+62 sin b2e— 1 /yY; 
m Gea E amenn 
To Ay? Wo 02? Yo 


2 E sin 62—62(1+ cos 62) o 
k+1 02? Yo 


2(1— cos 62) — bə sin bə e 2+ 0z sin 6.—1 ( Ba. 
02? Yo b2 ) 


sin 62 —62 Cos bz ( =) 
b2 Vo 


2 2 sin ba — (1 + cos 62) 1 Vo a ; 
. oee sin wt. 
(k+1)? b22 F to 


Vo 


All of the quantities (éa/i)), Gaol * , F are functions of 6, only 
and are defined by the set (11) in the Appendix. 


To analyze, we shall choose a network consisting of a conductance 
Jo per unit area paralleled by a susceptance which is most conveniently 


pictured as a capacity C per'unit area. For such a network the electrical 
behavior is represented by, 


t N Vo 


| io] of al 


{Go COS wt ~ wC sin wt}. (20) 


Comparison of (19) and (20) yields expressions for the equivalent g, 
and C between grid and ground. 
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Input Loading 
Using (18), 


Jo 3 ( =) 9 cos a+ 62 sin O.—-1 (=)+2 sil By — Oo cos 62 (=) 
Sm 2F io ba? Wo Oy” Yo 


2 [= — COS 02) — 62 Sin 02 (=) 
k+1 02? Yo 


2 sin 8—0a(1+cos 62) / YaN sin 02—02 cos 02 / Ba 
2am ce feet (LA TAAT E a 
0a” Yo 0z 


COS ĝe +62 sin 82—11 / Do 
F e 
0 Vo 


2 2(1 — cos 62) — 82 sin & l 
eet 0,” F 
Here then we have the complete expression for grid loading in a space- 
charge-limited screen-grid amplifier (or in a triode with plate at alter- 
nating-current ground). As expected it turns out to be proportional 
to Sm. (Incidentally, for tetrodes, the Sm used here must not be confused 
with the listed s, for a given tube; in these expressions it means the 
total sm and will be larger than the listed value by the ratio of the sum 
of the screen and plate currents to the plate current.) The loading is 
otherwise a function of three parameters, 61, 62, and k. The space re- 
quired to portray adequately the behavior against variations in these 
three parameters (what one needs is a four-dimensional space!) is too 
great to be feasible in this paper. There are, however, some interesting 
characteristics to be observed out of hand. 
First of all, since 62 can generally be kept small compared with 1, 
we give the reduction of (21) from which terms of order 62+ and higher 
have been discarded: 


Pan ae Cao ee 
——=6,(—)+—(—)+— &( 1-— }(— 
sa 2F ABJ ANR 3 10/ \ ya 


2 b2? Wa 0z 302? Wo 85? Da 
_—— ( + (1- (= +2 (— (22) 
k+1 12 Wo 6 20 Wo 3 Vo 
02 0,” Ds 1 b2? 
+5(:-F (— \ Gar oF 
2 4 Vo (k+1)? 6F 


The first term is a function of 0, alone, comes out of the third relation ` 
in set (12) of the Appendix, and represents the inphase component of 
the displacement current at the grid in the first space. 

- Perhaps the most interesting form for the loading is the approxima- 
tion for 6, and 8: both small: 
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Jo 1 7 450,2 
S (90,2 + 440,02 + 45652) 
a : (23) 


2 Ai b 

20 ———— |. 
area 62(176, + 3542.) + 20 ne z 
We note that the loading is an even function of the frequency, in agree- 
ment with simple theoretical deductions which show that the Maclaurin 
series expansion of any resistance develops in only even powers of w. 
Naturally (23) vanishes for vanishing w; the low-frequency input im- 
pedance of a high vacuum tube is purely capacitive. If 65 is set equal 
to zero there remains gg/Sm = 6,2/20, a value derivable from the work of 
Benham, Miller, or Llewellyn on diodes; so that this is another check 
on the mathematical accuracy of our derivation. Since k is of the order 
/u, if the tube has a sufficiently high u the k terms are negligible and 
only the first three terms are significant, the first representing first space 
loading and the other two arising from second space behavior of the 
current stream. It is now evident that 8: may contribute predomi- 
nantly. For if 6;=6) and the k terms are inconsequential, the second 
space loads the grid 10 times as much as does the first space. The con- 
tributions are equal when 6;~5.75 65, a practical ratio. 

The detrimental results of input loading are discussed at length in 
the accompanying paper by W. R. Ferris.’ It will suffice to note here 
that the ideal amplifier is one which requires no input operating energy. 
At low frequencies the ideal is approached by the use of external input 
loads with resonant impedances as high as possible. Our results indi- 
cate that no matter how painstaking our efforts to build up a power- 
saving external circuit, at sufficiently high frequencies the efforts are 
futile because of the internal load shunt arising within the tube itself. 

A brief calculation will illustrate both this contention and the man- 
ner in which g, can be calculated from (23), listed tube characterisitics, 
and tube dimensions. It should be borne in mind that although this 
analysis postulated parallel plane structures, it may be expected to 
portray as well the behavior of cylindrical structures provided the 
ratios of element diameters are not too large. The conclusions are prob- 
ably valid enough for cylindrical tubes with equipotential cathodes, 
but cannot be expected to serve for tubes with fine wire filaments. The 
RCA-57 is a suitable structure for example. There is listed an s,, of 
1185 micromhos for 100 volts on the sereen and plate, a grid bias of 
—3 volts, a plate current of two milliamperes, and a screen current of 
0.5 milliampere. With a screen u of about 20, o = 0.945. The appropriate 
Sm Will be 1185(2+0.5) /2= 1480 micromhos, and from €18) the effec- 


_ ê Loc. cit. Exact equations for transit times are developed for plane, cylin- 
drical, and spherical structures. 
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tive potential in the grid plane is Vo~2.4 volts. Hence k= (100/2.4) 1? 
=6.45. A rough estimate of the transit times can be had from (14) 
above and from (13) in the Appendix. This requires a knowledge of the 
spacings (zo and zı). A better estimate on the basis of a cylindrical 
structure? gives approximately =5.4X12=2.9X10-° seconds. For 
small transit angles (23) will serve; it shows 


gy(micromhos) ~ 0.048 X (frequency in megacycles)?. 


At around 100 megacycles this represents a loading of 480 micromhos, 
or 2100 ohms, which practically destroys the usefulness of the tube for 
small signal power. At one megacycle the loading has dropped to a 
resistance of 21 megohms which is so far in excess of the impedance 
developable in the external grid circuit that for this frequency the tube 
may be said, practically speaking, to consume no input power. The 
observations of Ferris? on the RCA-57 may be seen to check rather 
nicely with the above theoretical evaluation of loading at the threshold 
or inset of the effect. At thirty megacycles, he records an input resist- 
ance of 19,000 ohms, while the theoretical expression above yields for 
this frequency a value, 23,200 ohms. For this tube and frequencies 
above 100 megacycles, one must resort to (22) or (21) for an estimate 
of g,, for when 6>>1, (23) is invalid. 


yi 
Input Capacity 
Returning to a comparison of (19) and (20) for the equivalent 
capacity C between grid and ground, we use the approximate relation- 
ship À 
3 | to | 


Ci = — 
E 


Ti (24) 


where C} is the “cold” capacity per unit area in the first space, and find 
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The expression for Cı is derived by comparison with the capacity 
of a diode. From the set (8) in the Appendix, by evaluation of the 
potential gradient at the anode, we find the “hot” capacity of a diode 
Cu = (4/3)Co=(|t0| /| Vol )rı where Ce is the “cold” capacity. Hence 
Co =3(| to] /| Vol )n; but if we replace the plate of the diode by the 
grid of a triode or tetrode, the capacity is lowered in the ratio Ci/Co=o. 
Unfortunately o itself has “hot” and “cold” values; the 4/3 in (17) ap- 
proaches 1 as the space charge is made to vanish. However, if u>1, 
or if x1/zo01, this difference is slight and therefore (17) may as well 
used to define e under all conditions of space charge. 
For small 6. and arbitrary 41: 
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For 6; and 6, both small: 
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It will again be noted that this equation is consistent with electrical 
theory, for since (62/0) is independent of frequency, (27) contains only 
even powers of w. 


There is a marked difference between the input capacity of diodes 
and control-grid tubes. In the brief discussion of a diode in the Ap- 


Px 
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pendix the actually measurable low-frequency “hot” capacity is found 
to be (3/5)C1, whereas the apparent theoretical (but unmeasurable) 
“hot” capacity is (4/3)C1 when calculated from the potential gradient 
at the anode. This operating drop in capacity is explained by Benham 
as due to the inertial lag in electronic velocities. 

Benham has also pointed out that this effect should not be ex- 
pected to obtain in a triode because the electrons go through the grid 
and ultimately give their energy to the plate. Hence, he argues, the 
triode input capacity should for low frequencies be always C > (Cy +Ca). 
This argument is substantiated by Benham’s measurements of triode 
hot capacities, and is in agreement with (27) above. 

Benham? suggested an empirical formula 

C 

Cit Ca 
this arising from a comparison of curves for measured input capacity 
with tube characteristics. His measurements, however, went all the 
way to cutoff, in which event one would certainly expect CHO +C) >l 
as a limit. Our formula holds only for the region within which the 
three-halves power law serves adequately, thus suggesting for this 
domain a modification of Benner’s formula as developed below. 

The low-frequency ( is given by the first brackets in (27) and is 
independent. of w: 


. Oh raf | l tn 1 I 
DOr: 1 PE 3(k +1)? a 


From (18) and (24), 2C1=sa7i, 80 that 


eee 2 E 1 + 1 | 
C E esi Er SCr say: 


Cre OC 


= | + AS 


(28) 


over the range of voltage for which the three-halves power law holds 
and <1, 631. This compares with Benham’s formula, although it 
must be remembered that both 7. and k are somewhat sensitive to 
variations in grid bias and therefore are themselves slowly varying 
functions of sm. 

The dependence of C upon the frequency is almost nil, as may be 
seen from a brief example. If one assumes 02/01 = 1/5, 71 = 10~° seconds, 
(y= (3/4)C), c= 1, k=6.5, there results, according to (27), between the 
C at 100 megacyeles and the C for zero frequency a difference of only 
1.2 per cent! Observations of Ferris of these laboratories have 
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never shown a measurable shift in C even at. the limit of available fre- 
quency, eighty megacycles, although the difference between “hot” and 
“cold” capacity was readily observed. 


Significance of Screen-Grid—-Plate Transit Angle 


Applying this theory to operation of screen-grid amplifiers, we are 
confronted with effects arising in the third space, between screen grid 
and plate. What and how large are the effects due to plate voltage 
swing and to 63? Since, with a good screen, variations in plate voltage 
have little effect upon the behavior of the tube currents on the cathode 
side of the sereen grid, the grid loading is unaltered by the presence of 
an external plate impedance, regardless of the value of 03. Furthermore, 
if 6:1, the plate current will be closely equal to y at the screen grid, 
as regards both modulus and phase, minus the fraction stopped by the 
screen-grid wires, plus the cold capacity current between plate and 
screen grid. To evaluate y at the screen grid, one must take into con- 
sideration the fact that existence of a velocity modulation at the con- 
trol grid produces, per se, an alteration of both phase and modulus of 
the convection current at the screen grid. This results from the ten- 
dency for particles possessing higher initial velocities to overtake those 
with lower initial velocities. It is planned to give the details of this 


portion of the analysis at a later date. Suffice it to say for the present. , 


that, subject to the same limitations as were imposed above, the theory 
indicates that in the instance of sufficiently small 6, and 6, the modulus 
of sm departs only very slightly from the “static” value, whereas the 
phase angle is roughly 


11 
ara Gann eee, 

If 63 is not negligibly small, it will manifest itself through a phase 
shift in the effective s,, accompanied by a change in modulus, which at 
the outset is a decrease. No attempt will be made here to calculate the 
actual plate current for large 63, but the reader will see that this 
can readily be done by a repetition of the methods used above for 
the second space. In most practical cases these effects can be divested 
of practical importance because of the ease with which 63 can be dim- 
inished through the use of the customary high screen and plate poten- 
tials. In the case of suppressor-grid pentodes the problem is obviously 
more complex. 

It appears, consequently, that internal failure of tetrode amplifiers 
at high frequencies is more likely to be a result of grid loading than of 
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loss in sm. Failure of oscillators may very well be due partially to im- 
proper feed-back phase. 
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APPENDIX 


Here we shall derive the solution for space-charge-limited parallel 
plane diodes. Inasmuch as Llewellyn’ has developed this solution in 
a very clear and unified fashion from the point of view of Miller, we 
shall not start from the fundamentals but from the appropriate place 
in Llewellyn’s paper. The reader is referred to this exposition for the 
basic equations, the justification of certain critical steps in the treat- 
ment, and the development of the theory up to the point at which we 
break in. 

We restate here, so that they may easily be borne in mind, the 
limitations imposed by our mathematical idealization. It is assumed 
that the cathode possesses an inexhaustible supply of electrons ready 
to be emitted with zero velocity, so that the direct-current solution 
would give the usual threc-halves power law for current versus voltage, 
and the potential has the same sign throughout the space, the potential 
(Vo) being proportional to the four-thirds power of the distance. In 
actuality there exists, because of initial velocities, a virtual cathode 
very close to the actual cathode surface, the potential at this point 
being slightly depressed below the cathode voltage. Consequently, only 
those electrons reach the plate whose emission velocities are sufficient 
to enable them to surmount the potential barrier represented by the 
virtual cathode. In the absence of a modulating voltage those electrons 
which do not get through the barrier contribute to the current only a 
very weak noise spectrum having a maximum at tremendously high 
frequencies (characterized by the time of transit from the instant of 
emergence to the instant of return to the cathode). Those which do 
penetrate the barrier to constitute the space current correspond to the 
conduction current in the idealized model we are about to discuss. In 
any case our model is likely to violate fact to a gross extent only if the 
modulation field can penetrate the barrier. But even in this case, and 
despite the great density of electrons in the region between cathode 
and virtual cathode, it may be shown that the clectrons which do not 
cross the barrier contribute in most practical instances an insignificant 
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amount to the high-frequency impedance of the tube. Calculations of 
this contribution are somewhat lengthy; the author intends to discuss 
this conclusion in detail in another place. The electrons which do cross 
the barrier produce effects different from those predicted from our 
model only provided the time of transit from cathode to virtual cathode 
is an appreciable fraction of the total transit time. Later in these pages 
we shall make calculations showing this ratio to be insignificant. 

There is one other difference between the model and reality. Where- 
as the model electrons have zero emission velocities, in actuality there 
exists a Maxwellian spread at the virtual cathode, so that some elec- 
trons reach the plate in shorter transit times. Yet again one may expect 
the model to serve adequately for it will be recalled that the distribu- 
tion is exponential according to the square of the normal velocity with 
a maximum for zero velocity. Consequently, the great majority of elec- 
trons in the space-current stream will have transit times deviating a 
negligible amount from that assigned to the model. This will be espe- 
cially true if the plate voltage is high in comparison with the voltage 
corresponding to the average velocity of emission from the virtual 
cathode. 

Perhaps the most important limitation is one imposed upon our 
model for the sake of mathematical manipulation. The equations are 
valid only so long as the alternating component of current is so small 
in comparison with thé steady component that squares of the ratio 
can be neglected. 

Proceeding with the derivation we start with (14) in Llewellyn’s 
paper in which we use v (rather than his “u”) to denote velocity: 


1 2 2 
v= es — — g(t) + 7) + — (to) + 6'(to +7) — Ce. 
T T 


Here we determine (, by requiring that v=0 when 7=0; hence 
Cy = — 6’ (to) (1) 
so that, 


1 2 2 
e Kr? — E — ote) + $'(to +7) + 6H). (2) 
T 


Now let » be transformed by means of the relationship (Llewellyn, 
equations (5) and (11)): 
bo =t—-+Tr—e (3) 


at the same time neglecting products of e with ¢ or any of its deriva- 
tives, i.e., terms of order e°. There results: 
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1 2 2 
eat ieee ime Te ante nig (4) 
F 
This, then, is the correct. expression for the velocity at time t of an 
electron which is found at a point in the space characterized by a 
transit time 7, the electron having started from rest at the cathode at a 
time (t—7). The relationship between z, the position, and 7, the transit 


time, is given by Llewellyn, equation (10): 
x = Kr’. (5) 


and the total current 


åre 


m 


K +”) (6) 


il 


so that K represents the direct component of current and œ” (t) the 
alternating part. Now we shall define 


J =i (1 + M cos ot) 
4re | 


thus requiring K = — i (7) 
m : 


c 
p! (O = 4r — oM cos wt 
m 


Substitution of (7) into (4) gives 


2 sin 0—0(1+cos 8) 2(1— cos )—ðsinð , 

Z=14m|2 cos ot+2 sin wt 
Vo 68 93 
where, ý 

e T? ; 

vo = 4r — io — = the direct-current velocity 

m 2 

and, 


8 = wr = the “transit angle”. 


Similarly we take Llewellyn’s equation for the field (£), 


e i 2 2 2 
—E=Kr+¢"(t+7) - = (60 + 7) + — $(to) en 
m T T T 
which becomes in our case, after use of (1) and (3), 


e 2 2 2 NS 
E E E E E — ee — 7) 
T T 
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or, 
E sin 0—0 cos 6 6(0—2 sin @) +2(1 —cos 6) 
5514M] 2 = cos wt ; 

Eo 03 63 

where, 


Ey = 4rtor = the direct-current, field 
The potential is found from the relation 


oV 
E= ——- ; thus 


0 


Ox 
x 1 T 
v=- f Edr= ->K f r’Edr, so that 
0 


V 2(1—cos 6) —9 sin 0 
—=1+M] 8 COS wt 
Vo . 64 
63 
Be ai cos 6) —4 sin 0 k 
" I 
H4 T sin a 
where, 
e 
Vo= —2 — (rior?) =the direct-current potential. 
m 


The charge density p comes out of the relation, 
1 ðE 1 E 
p =a —. 
4r Ox 2rKr? ðr 


m/e 


sin wt 


4 4 4 2 
-EA K+S 00-5 ot-9 A oi- o"a- | 


or, 
p 2(0 cos 0— sin 6) +6? sin 6 
*=14m/2 = —— cos wt 
Po 68 
2(0 sin 6+-cos 0—1) —6? cos 6 
2 sin a| 
03 

where, 


po =——— =the direct-current charge density. 


2r — 7? 
m 


we 


| 
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Finally, we want the value of y, (=v), the conduction current. This 
comes from the relationship l 


1 ðE 
J=4+— — 

; 4r at 
Therefore, 
Y 8 sin 0— (1 — cos 0) sin 0—0 cos 0 
—=1+M| 2 COs vig OEE sin ot | 

5 02 02 
where, f 


Yo=t= the direct current. 


This last could, of course, have been obtained by taking the product 
of our expressions for p and v and discarding terms of order M?. Col- 
lecting these results we havc: 

The direct-current solution 


2 eae 
Zo = — T — tot? 
m 
vo = 2r — Lor? 
m 
Eo = Aniot : (8) 
e re 
Vo = — 2— (rior?) 
m 
e 
EA A 
m 
Yo = pwo = 19 


The alternating-current solution 


i 
—=1+M cos ot 


to 
v , 2 sin 0 — OC + cos 8) 2(1—cos0)—8 sinb | 
—=1+M| 2 cos wi+2 sin e 
Vo 0” 2 0’ 
E sin 0—0 cos 6 2(1 — cos 0) +0(0— 2 sin 8) 
—=14M| 2 — cos wit sal 
Ky 0’ 0’ 
V 2(1 — cos 0)—0 sin 0 
—=1-+M| 8 — 7 COS wl 

i , 


—4 sin 0+20(1+c08 0)+ 40% | : 
a sin at 
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EIF 


2(0 cos 0 —sin 0) +6? sin 0 
2 - cos wl 
Po 6° 
2(6 sin 6+ cos @—1)—6? cos 6 | | 
2 sin wt 
8? 

y 0 sin 6—(1—cos @) sin 0—0 cosð | 
EE Fe cos at dee ae at wt}. (9) 
0 


One may easily verify the equivalence of the direct-current solu- 
tion to Child’s solution of the space-charge-limited diode, using the 
first equation of the set (8) to replace the parameter 7 by the spacing 
zo. It must be remembered that ts is the current flowing from cathode to 
plate, so that if electrons are the carriers 7) and e are both negative; 
this will be seen to give all of the expressions in (8) the correct sign. 

The set (9) expresses the alternating-current behavior of each quan- 
tity in terms of its direct-current value and two additional parameters, 
the current modulation M and the transit angle 6. The coefficients of 
the cos wt and sin wt terms give, respectively, in each expression, the 
components in and out of phase with the current. It is preferrable to 
phase everything against the voltage V, and this can evidently be done 
by making the transformation 


t>t+6 


where, 
tan wô = b/a 


and, 
Se l 4 
J= yea — cos 6) =e sin 6] ; b See + 6(6 + 6 cos 6 — 2sin 6) |. 


We shall also introduce a new quantity N, the voltage modulation 
(i.e., the ratio of plate voltage swing to plate bias voltage), and elimi- 
nate M through the relationship 


N = MVa? +ù. 
We shall also define 
4 1 
ULE pny Soon om 
9 a +b? 


Under this rotation the set (9) transforms into 


0 
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(10) 


in which terms of the type (a/o), (£»/ £0), and F are functions of the 


transit angle alone, thus, 


4 8 Pedant i 
F : (} [2 —2 cos 4 —8 sin 9} l +} — [0 (02 +6) +68 cos ð —12 sin 0| l ) 
9 a 364 


"18 3 
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/ Ey me 37 #11 
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Eo 40 L210 
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These equations can be partially verified by means of the following 
identities which arise from the neglect of all terms containing powers 
of the current modulation M higher than the first: 


ae 


asf 


390 


(12) 
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Fig. 2 : 


In Fig. 2 the function F is plotted out to 6=4z. For larger 6, the 
curve sinuates closely about 62/4, which is also shown for comparison. 
All the rest of the set (11) can be found in Fig. 3, the interpretation of 
which needs this explanation. Any quantity (&) in the figure is ac- 
tually F X (£4/ £o), i.e., the inphase coefficient for £/ when the voltage 
modulation is unity (V=1). In order to keep ts on the sheet, 7,/6@ was 
also plotted. It is to be noted that i = (3/2)(G/Go), where Gs is the con- 
ductance of the diode, Ge its zero-frequency conductance; 7,/0= 
— (3/4) (C/C.), where C is the capacity of the diode, C, it§ “cold” capac- 
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ity. Two additional curves are shown: ts, a= fta — Ya = OE» and is p= tp 
—¥,=—O0H,. Again it is to be observed that 7,,.=(3/2)(G/s,), 
tz,o/0 = —(3/4)(C/C1) where sm and Cı are the transconductance and 
input “cold” capacity of a hypothetical triode possessing zero grid- 
plate transit angle and zero grid-plate capacity, and G, C are the input 
conductance and capacity respectively.’ 

It is not our purpose here to discuss the significance of these equa- 
tions in respect to diodes as such, this having been done at considerable 
length by Benham, Miiller, and Llewellyn. However, it does seem to 
the author that the equations (11) are of more interest than those 
given previously. For, inasmuch as we now have all quantities phased 
with respect to the voltage, it becomes a simple matter to pick out the 
parallel connected circuit elements which symbolize the electrical be- 
havior of the device. Furthermore it is usually the voltage swing which 
is known or measurable and not the current. 

For example, using the approximate formulas in the set (11) 


3 9 
t = to + Nip — cos wt — Nia — 0 sin wt. 
2 20 


One can see from (8) that the low-frequency Tp = (2/3)(VYo/io), while 
the cold capacity is C.=(3/4)r(to/Vo), so that 


i = io + wyo — cos wt — < wC. sin at |. 
Ra 5 

Clearly then the appropriate alternating-current equivalent network 
valid for vanishingly small transit angles is the customary diode resist- 
ance shunted by a capacity which is, however, only three fifths the 
cold capacity of the tube. As others have already pointed out, this is 
to be expected, for the mass of each charged particle behaves, for small 
transit angles, like an inductance so that the drop in measurable capac- 
ity is hardly astonishing. That the factor is three fifths is fortuitious 
and depends upon the geometry we have chosen, namely, parallel 
planes. Needless to say, it is out of the question to hope to secure a 
decent check of this factor unless one takes extreme precautions to 
` insure the reality of the various assumptions we have made for our 
model, particularly the three-halves power law. 

In applying these formulas to a.particular structure it becomes nec- 
essary to evaluate the transit angle 6. Now the transit time 7 can be 
obtained from any of the set (8) but generally it will be most con- 
venient to combine the first two of the set, thus: 


- 


°’ Compare (22) and (26) in the main body of the paper. 
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It is of interest to observe that this transit time is three halves that 
which obtains under temperature-limited conditions. 

We return, now that we have a measure of 7, to the question of the 
virtual cathode in a real tube and the fatio of the transit time between 
cathode and virtual cathode to that for the virtual-cathode—plate 
space in a real diode. We shall seck an upper limit to this ratio; that. 
is manifestly obtained from consideration of those electrons which 
come through the virtual cathode with zero velocity. Although space 
charge has a much different distribution on the cathode side of the 
virtual cathode, so that the potential is of a somewhat different form, 
it will be accurate enough to assume that the transit time is determined 
in both spaces by an equation having the form of (13). Then 


(=) (=) Vo 
T To Fa 
where 7 is the transit time computed for the model, 7» is the transit 
time out to the potential minimum Fm, and £m is the distance of that 


point from the cathode. But since log. (I/I) =eV,,/kT, wherein [,/I 
is the ratio of emission to plate current, we have 


(=) (—) Vo (=) 

e a ee e E ARA A 

T T T: se 
lo — 


An upper limit to x, is given by Langmuir and Compton!?; viz., for 


T 3/4 
I> 7, talcm) < 0.0016¢10007)-""{ ) 
1000 


Therefore, 


Tm 0.0016 5Vo Lee P ONA 
z (10007)-"2. (14) 
T Xo I, 1000 
logio ( 5 


In a typical case we may choose, for an oxide-coated cathode, 


10], Langmuir and K. T. Compton, “Electrical discharges in gases— Part 
II,” Rev. Mod. Phys., vol. 3, p. 244; April, (1931). 
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Vo = 3 volts 

I, ee 
z = 100, although this is probably too small 
zo = 0.05 cm 

T = 1000° Kelvin 

I = 0.004 amp/em? 


So that (14) gives 


Tm 
— = 0.04 


T 


which is small enough that it may be neglected in general,! particularly 
in view of the fact that the space charge, being very dense in the region 
close to the cathode, must prevent appreciable penetration of the high- 
frequency field unless the frequency is very high. Thus, in effect, even 
though this calculation had shown 7,,/r to be significantly large, one 
would expect the model to serve well for reasonably low frequencies, 
for the grid is still unable to ‘‘see” the electrons until they move past 
the virtual-cathode barrier. 


Loc. cit., pp. 656-669, invokes the hypothesis of a large r,, to acount for 
his observation that the frequency variation of diode rectification is independent 
of anode voltage. The illustration he uses (x= 5 mm, tm=1 mm) is, he admits, 
an extreme example. Too, it is not clear how his conclusions can quantitatively 
substantiate the discrepancy between his theory and experiment. In view of the 
analysis given above for a practical design, it seems to the present author that 
the resolution of his difficulty must be found elsewhere. 
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Copies of the publications listed on this page may be obtained without 
charge by addressing the publishers. 


Elastic Stop Nut Corporation, P.O. Box 38, Elizabeth, N. J., has issued 
Catalog A-43 giving design information on the use of elastic stop nuts. 

“Voltrol,” a manual voltage regulator is described in Bulletin No. 136 
issued by the Acme Electric and Manufacturing Company of 144 Hamilton 
Avenue, Cleveland, Ohio. Their Bulletin No. 137 describes step-down trans- 
formers of the 220- to 110-volt variety and their variable voltage adjuster. 
Another leaflet describes their “Windoette” supply units for neon signs. 

Catalog “36” of the Hammarlund Manufacturing Company of 424 West 
33rd Street, New York, covers condensers, coil forms, sockets, transformers, 
chokes, shields and other products for receiving and transmitting. Leaflets 146 
and 147 cover trimmer and air padding condensers, respectively. 

Molded resistors are described in Leaflet 271B issued by the S. S. White 
Dental Manufacturing Company, Industrial Division, 10 East 40th Street, New 
York. 

Dynamic speakers and high fidelity speakers with curvilinear diaphragms 
are described in leaflets issued by the Magnovox Company of Fort Wayne, Ind. 

Volume. and tone controls, fixed and adjustable resistors, transmitter grid 
leaks, line pads, attenuators and numerous other resistors are described in the 
1936 catalog of Electrad, Inc., of 175 Varick Street, New York City. 

The Erie Resistor Corporation of Pennsylvania has issued a booklet 
“Check Everything” describing the performance of their resistors. 

Supplement to Bulletin 464 describes amateur transmitting and receiving 
type tubes and is available from the RCA Manufacturing Company of Camden, 
N. J. A piezoelectric calibrator for checking frequencies between 100 and 50,000 
kilocycles is described in a leaflet as is a frequency modulator for aligning re- 
ceivers in conjunction with a cathode-ray oscillograph. i 

A leaflet issued by the Spaulding Fiber Company of 310 Wheeler Street, 
Tonawanda, New York, describes the insulating materials manufactured by 
that organization. 

Cornell-Dubilier Corporation of 4377 Bronx Boulevard, New York City has 
issued Catalog No. 128 covering capacitors for radio purposes and Catalog No. 
130 on units for power factor correction. 

Ferris Instrument Corporation of Boonton, N. J., has issued booklets cov- 
ering model 15A master oscillator type standard signal generator and model 17B 
microvolter covering a range from 100 to 30,000 kilocycles. i : 

All types of glass and metal tubes are covered in a technical data chart 
issued by the Raytheon Production Corporation of 55 Chapel Street, Newton, 
Mass. 

‘Bulletin No. 41 of the Triplett Electrical Instrument Company of Buffton, 
Ohio, covers electrical measuring instruments and testing sets. 

Solar Manufacturing Corporation of 599 Broadway, New York City, has 
issued Catalog No. 7-5 on radio capacitors. 
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United States Naval Radio, 1919; broadcast engineer, WGY, General Electric 
Company, 1923; chief broadcast engineer, WHAM, Stromberg-Carlson Tele- 
phone Manufacturing Company, 1927; general manager, WHAM, 1928; vice 
president and technical director, Buffalo Broadcasting Corporation, 1929; chief 
engineer, Columbia Broadcasting System, 1931 to date. Associate member, 
Institute of Radio Engineers, 1927; Member, 1930. 


Ferris, W. Robert: Born May 14, 1904, at Terre Haute, Indiana. Received 
B.S. degree, Rose Polytechnic Institute, 1927; M.S. degree, Union College, 1932. 
Research laboratory, General Electric Company, 1927-1930; research and de- 
velopment laboratory, RCA Radiotron Company, 1930 to date. Associate mem- 
ber, Institute of Radio Engineers, 1929; Member, 1931. 


Harmon, Ralph N.: Born August 29, 1906, at California, Pennsylvania. 
Graduated electrical engineering department, Carnegie Institute of Technology, 
1928. Automatic control engineer, Duquesne Light Company; radio engineer- 
ing department, Westinghouse Electric and Manfacturing Company, East Pitts- 
burgh; radio broadcasting department, East Pittsburgh; general engineer, radio 
broadcasting department, Chicopee Falls, Massachusetts. Associate member, 
Institute of Radio Engineers, 1930. 


Lodge, William B.: Born August 17, 1907, at Spring Mill, Pennsylvania. 
Received B.S. and M.S. degrees in electrical engineering, Massachusetts Institute 
of Technology, 1931. Bell Telephone Laboratories, Inc., 1930; engineering 
department, Columbia Broadcasting System, 1931 to date. Associate member, 
Institute of Radio Engineers, 1934. 


North, Dwight O.: Born September 28, 1909, at Hartford, Connecticut. 
Received B.S. degree, Wesleyan University, 1930. Teaching Fellow, California 
Institute of Technology, 1930-1933. Received Ph.D. degree, California Insti- 
tute of Technology, 1933. Research assistant, Wesleyan University, 1933-1934. 
Research and development laboratory, RCA Radiotron Division, RCA Manu- 
facturing Company, 1934 to date. Member, American Physical Society. Associate 
member, Institute of Radio Engineers, 1935. 
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It’s easy to telephone, but there’s 
nothing easy about giving you good 
telephone service. It takes many thou- 
sands of trained employees to do that. 

A considerable part of this work is 
handled by the Central Office men. 
Their job is to safeguard service—to 
prevent trouble from getting a start. 
They are constantly testing lines, cir- 
cuits, switchboards and other equip- 
ment—working with outside repair 
men—performing the thousand and 
one tasks that keep things running 
right and prevent their going wrong. 


Bell 


Skilled maintenance men guard your telo- 
phone service day and night. As a result of 
their vigilante, both local and long distance 
calls go through more quickly and accurately, 


This work goes on twenty-four hours 
a day—every day in the year. 

The “trouble shooters” of the Bell 
System work quickly, effectively be- 
cause of careful training and long 
experience. Their loyalty, skill and 
resourcefulness are a priceless tradi- 
tion of the telephone business. 

It is no accident that your tele- 
phone goes along for so many months 
without trouble of any kind. The Bell 
System gives this country the most 
efficient, reliable telephone service in 
the world. 


When writing to advertisers mention of the Proceepines will be mutually helpful. 


WET & 


4 ELECTROLYTICS 
-.. properly vented! 


O the usual characteristics add 

tures: @ Unit construction three- 

these distinctive AEROVOX fea- 
wing (instead of usual two-) anode with 
stem spun-riveted to insulated plug 
cover. That means positive, permanent 
centering of anode in can; lower power 
factor; absolute uniformity. @ Also in- 
genious vent and perfect sealing: 


DOUBLE - SEALED 
TWO LIQUID-TIGHT SEALS 


SMALL ALUMINUM 
VENT HOLES BREATHER 
SPRING WASHER mAB 
a k EDGE OF 
SOFT (CAN 
RUBBER SPUN OVER 
BREATHER ON 
DIAPHRAGM PIN Hore | BREATHER 
HOLE IN IN RUBBER 
TOP OF DIAPHRAGM 
CAN 
pA 


Gas escapes through diaphragm pin-hole 
and offset holes in dome. Can edge spun 
over rubber gaskets. No seepage. No 
mess. No corrosion. Wet inside, yes, but 
absolutely dry outside, always. 


Worthy refinements for outstanding perfor- 
mance.. Yet you pay no more than you would 
for units with flimsy two-wing anodes and 
stems pinched in rubber-bushed crimped cans, 
with bits of gauze for vents. 


DAT Write for further details. Submit 


condenser and resistor problems for 
engineering collaboration and attractive quotations. 
Our 1936 catalog just issued is yours for the asking. 


J, CORPORATION 
fi 75 Washington St. Brooklyn, N.Y. 


i 
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The Institute ot Radio Engineers 


Incorporated : 
330 West 42nd Street, New York, N.Y. 
APPLICATION FOR ASSOCIATE MEMBERSHIP 


(Application forms for other grades of membership are obtainable from the 
Institute) 


To the Board of Directors 


Gentlemen: 

I hereby make application for Associate membership in the Institute of Radio 
Engineers on the basis of my training and professional experience given herewith, 
and refer to the members named below who are personally familiar with my work. 

I certify that the statements made in the record of my training and profes- 
sional experience are correct, and agree if elected, that I will be governed by the 
constitution of the Institute as long as I continue a member. Furthermore I agree 
to promote the objects of the Institute so far as shall be in my power, and if my 
membership shall be discontinued will return my membership badge. 


Sponsors: 
(Signature of references not required here) 


Addressa eee eel eres See PLOT COS Siena ete AAS gre See 
Gitysand “State: o aot Meee, o a a City and Stater wen ayo oun eee 
LUE va oO ee Oe eee E oe ear el 
Address AA eee oi ae 
City ando States a a a 

The following extracts from the Constitution govern applications for admiss:.n to the 


Institute in the Associate grade: 
ARTICLE II —MEMBERSHIP 

Sec. 1: The membership of the Institute shall consist of: * * * (e) Associates, who shall be 
entitled to all the rights and privileges of the Institute except the right to hold any elective 
office specified in Article V. * * * $ 

Sec. 4: An Associate shall be not less than twenty-one years of age and shall be a person who 
is interested in and connected with the study or application of radio science or the radio arts. 

ARTICLE III—ADMISSION AND EXPULSIONS 


Sec. 2: * * * Applicants shall give references to members of the Institute as follows: $ ” * for 
the grade of ‘Associate, to three Fellows, Members, or Associates; * * * Each application for 
admission * * * shall embody a full record of the general technical education of the appli- 


cant and of his professional career. 
ARTICLE IV—ENTRANCE FEE AND DUES 
Sec, 1: $ oo Entrance fee for the Associate grade of membership is $3.00 and annual dues 
are $6.00. 


ENTRANCE FEE SHOULD ACCOMPANY APPLICATION 


IX 


(Typewriting ETN filling in this form) No.........., 
RECORD OF TRAINING AND PROFESSIONAL 


EXPERIENCE 
IR E EI E E A E A E A R E AN ANE, 
(Give full name, last name first) 
ROLET o EE TON NEEE E T E E ee An eee ee 
(Title and name of concern) 
Business Address aaan T aE a S ene A E E E A 
Retmian eit p LEA CRE E A A mney a cortneeay vine Rms 
RlacesofB inthe ye wee done he ae Date of Birth ............ NG ORs oe. 
Edücatione een nr sn ae Payee Cee Be DE 
Degree E e EEE nas uot EES A T OMe cr aa vue E en Sates 
(college) (Date received) 
TRAINING AND PROFESSIONAL EXPERIENCE 
DATES 


Record may be continued on other shects of this size if space is insufficient. 
SS ee ee 
Receipt Acknowledged ............., Elected temerea ee Deférred............. 
Grades ee n r ee Advised of Election .......... This Record Filed............ 


MICA: ELECTROLYTIC 
DYKANOL - PAPER 
Capacitors for every 
purpose and requite- 
ment, such as Power 
Factor Correction, 
Coupling, Grid, By 
pass, Filter, Suppres: 
sors, Motor Starting 
and innumerable other 
functions where qual 
ity condensers are es- 
sential. 


Braco mcm ra mt ty a 5 


FROM THE LARGEST... 
TO THE SMALLEST 


HE same uncompromising stand- 
HL ards that make for dependability 
in the construction of modern units 
——whether in the colossus of the seas 
or in small industrial parts—have 
been applied to the manufacture of 
Cornell-Dubilier capacitors for twen- 
ty-six years. Cornell-Dubilier pro- 
ducts in their modest way, deserve 
inclusion in the proud brotherhood A 
which numbers such great achieve- 
ments as the Normandie. In times of 
stress, as well as serenity, unwavering ş 
standards of manufacture protect P> 
EY CTY UDT large and small, Trade- I x KY., Dykanol filled A.O. coupling con- 
i denser, with peak rating of 1,000,000 volts. 


Y Designed for measurements on high tension 
transmission lines. (Approx. 16 feet long.) 


Engineering Catalog 127 avail- Y Type 9 mica capacitor hermetically sealed tn 


able u rec 3 moulded bakelite cases. Specified by the United 

l ponirequeii States Navy and used extensively by leading 
manufacturers of transmission equipment. 
(Approximately 1%" long.) 


CORNELL-DUBILIER | 


Marked C-D. 


CORPORATION 


4379 BRONX BOULEVARD e NEW YORK 
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XI 


Change in Mailing Address 
or Business Title 


Members of the Institute are asked to use this form to notify the 


Institute office of a change in their mailing address or the | 


their company affiliation or title. 


The Secretary i A i 
THE INSTITUTE OF RADIO ENGINEERS 
330 West 42nd Street i 
New York City 


Old Mailing Address 


Name 


isting of 


(Print or type) 


Street 


City and State 


New Mailing Address 


Street : 


(Print or type) 


City and State 


New Affiliation or Title 


Title 


(Print or type) 


Company Name 


Company Address 


Signature 


Date 
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TRIPLETT INS 


EXTERNALLY 


l 3 TAN APIARE ILE © 
` 
y 
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Above is shown a 4” square 
TRIPLETT MILLIAMETER 
—Note its modern style. All 
Triplett instruments show this 
up-to-date smart appearance. 
They are accurate, easy to read 
and compact in size. 


In the laboratory, on the panel 
or installed as standard equip- 
ment on electrical machinery, 
they add distinction and up-to- 
date efficiency. 

TRIPLETT MANUFACTURES 


A complete line of electrical measuring instru- 

ments for radio, electrical and general indus- 

trial purposes both standard and custom bulit. 

| if you have an electrical Instrument problem, 
write to TRIPLETT 


me mre mm nes ems tren ern 


Triplett Electrical Instrument Co. 
211 Harmon Drive, Bluffton, Ohio 


Please send me new 1936 Triplett Catalogue 
with Prices 
Please quote on enclosed specifications .... 


When writing to advertisers mention of 


TRUMENTS 


Precision Built 
INTERNALLY 


BAKELITE 
MOUNTING PLATE 


ASSEMBLED MAGNET 


Precision Without Extravagance 


The Triplett magnet construc- 
tion is shown above. Not one 
piece, any more-——but seven 
separate segments—each seg- 
ment of selected stock, punched, 
hardened, peened and gauged 
for precision accuracy. 


This method of magnet 
construction definitely insures 
greater production accuracy, 
and non-changing characteris- 
tics which is but one of the 
many reasons Triplett instru- 
ments meet today’s needs of the 
` exacting engineer. i 


4 


For a new conception of preci- 
| sion instruments, use Triplett. 


44 
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LECTRIGAL INSTRUMENTS 


XIII 


PROFESSIONAL ENGINEERING DIRECTORY 


SS SS ee 


QUARTZ CRYSTALS E EET Cae 


for Standard or Special One year Residence Course 
Advanced Home Study Course 
Combined Home _ Study-Residence 


Radio Frequency Applications 


Course 
Writ Catal 
Heder Catalog Write for details 
BLILEY ELECTRIC CO. Capitol Radio Engineering 
230 Union Station Bldg. Institute 
ERIE, PENNA. Washington, D.C. 


Cathode Ray Tubes MICROPHONE 


and Associated 


Equipment For All APPLICATIONS 


Our engineering department will co- 
Purposes operate, without SBiigation in the , 


, selection of suitable microphones for 
Write for Complete standard or special applications. 
Technical Data 


SHURE BROTHERS COMPANY 
ALLEN B. DUMONT canines Microphone Aeadguattirs Pian 
LABORATORIES 215 WEST HURON ST. CHICAGO, ILLINOIS 


UPPER MONTCLAIR, N.J. 


Alphabetical Index to Advertisements 


Central Radio Laboratories mwas la tee tee ees ie eek a a XVI 
CornellDübilier Corporationi a ie a a eee eae Peta aes | XI 


A NAA TO E E S XV 


Cat eE O E E eee cei atone ee Cover IV 


I 
Institute of Radio Enga raae e e r d IX, X, XII, Cover IJI 


Professional Engineering Directory ,.... a.oa L XIV 


Triplett Elec. Inst. Company 
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WE’ CAN CUT ASSEMBLY as 

> yoM BY USING 
) ERIE Graclaled RESISTORS : 
IN THESE PLACES 


Set manufacturers are dis- point-t6-point wiring prac- 
covering that space-saving tical and eliminates the 


Erie Insulated Resistors 
simplify chassis arrange- 
ment with consequent re- 
duction in assembly costs. 


This feature, plus over-all 
ceramic insulation makes 


necessity of a central re- 
sistor mounting strip. 


Let us show you how Erie 
Insulated Resistors can help 
lower your production 
costs. 


ERIE RESISTOR CORPORATION 


————————1 ERIE, PA. 


-——— M 
[ Factories in ERIE, PA.-TORONTO CANADA - LONDON, ENG] 


When writing to advertisers mention of the Proceeptnas will be mutually helpful. 


7 
x _ IT pays to be a “fair-weather” 
SIDE 2») sailor in the radio business. No 


use heading into a storm with parts 


that won’t stand punishment. 


Set manufacturers who use CEN- 
TRALAB RADIOHMS find clear 
sailing ahead, for these noiseless 
controls are built for smooth cus- 


tomer-satisfaction. 


Specify Centralab. 


Manufacturers of Centralab Fixed Resistors 


Cen 


REI 


Milwaukee is. 
When writing to advertisers mention of the Proceepines will be mutually helpful. 
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 INSYITUYE SUPPLIES =). 
EMBLEMS Lege ee 


Three styles’ of emblem are: available to members; of the Insti- 
tute only.: They are all, of: 14k gold with gold lettering onan, 
of ‘membership. ‘The “approximate size. of, each’ emblem “istas 
illustrated. ' ' jı ‘ 


/\The* lapel, button .is supplied ‘with a screw pack having || 
jaws which fasten /it securely tothe, coat, Thei price is ~$ 
$2.75, postpaid, for any grade., 7 te Kir 

“The ‘pin. which is provided ,with a safety ‘catch may’ be 
obtained for any. grade for, $3:00,- postpaid. 


The watch charm.js handsomely finished on both ‘sides , 
and. is equipped: with a’suspension ring for attaching toa 
watch chain or fob. Price tor any grade, $5.00, postpaid. 


A al enameled background, the color bf which indicates the’ grade | 


I 


Fy ' 


BINDERS Bie 


Binders are available’for’those who desire to, pro- $, tf 

tect their copies of ‘the ‘PROCEEDINGS with stiff !cov- ‘ 

ers.: Each binder will accommodate,the: twelvermonth-' 

ly issues published during the’ year. These bind- . i y 

sers are of blue Spanish Grain Fabricoid ‘with ‘gold. i 
\ : RA A lettering ` 


, A 


and |wi 
‘servé either 
as tempora- 
rytransfers | { ooh 
or, as . per- 
manent 
binders. 
They are so 
constructed 
that, each 
à individual 
N X 2 + | copy of the; . 
Procxepines will lie flat when, ‘thé pagés are turned: Copies can, be removed froin | 
the binder‘ ina few ‘seconds. and, are not damaged ‘by their insertion; They ‘are pm 
priced at $1.50 each, and the member's name or PROCEEDINGS ‘Vojume Number aR i 
wilt be stamped upon, the binder in gold for $0.50 additional. ‘ E Phi | 


BACK. ISSUES OF. THE PROCEEDINGS a | 4 
i 5 pyle a i 

į Complete volumes of back issues of the 'ProcerDINGs are ayailable,in ‘unbound, 4A \ 
form.for the years 1918, 1921;, 1922, 1923, and 1926 ati$6.75 per year (six issues)“ 

to ‘members. Also complete ‘unbound for 193%, 1932, 1933, 1934, and 1935 at (fo f 
$7.50 per yéar-to members. A list of the available miscellaneous copies published 
from 1913 ‘on may ‘be obtained from the Secretary. -Single copies published ‘prior |} Lea fey 
to1927 are'sold to members, at-$1.13, eath, and those issued during and after 1927) 

are $0:25 each. Foreign postage, on single copies is $0.10 per copy, making \$0.60 iy 
on unbound, volumes before 1927. a 


f a ‘ us $ h i u 

Issues, for;1922may be dbtained; bound in blue buckram-at; $8.75! per volume.) 

‘Similar bound volumes. for ,1930, 1931, 1933,,1934, ‘and 1935.are’ priced! at, $9150 — § ys 
each to members... Foreign postage i, $1.00,additional per volume, Volumes for'1922 xy 

and 1926 bound in Morocco leather are ‘available at $10.25 each to members, ivok, «J 


ume for 1931 is $11.00, 


TWENTY+TWO-YEAR : INDEX 


An‘Indéex of the Procezpincs- for the years 1909-1930, inclusive, is available 

at $1.00, per ‘copy. It is exrenatvely cross indexed., The earlier references are to h 
the, Procernings:of the, Wireless Institute; the Procezpincsof the Institute of 
Radio Engineers has been published since 1913. ‘ aG, i nd | 


fia} 
/ 
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When ordering any of the above, send remittatice/with’ order to the ‘Secretar fy 
e k A i K £ c Y, 


Institute. of Radio ‚Engineers, 330; West 42nd Street, New, ‘York City. 
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‘THE. General Radio: Type 730-A Transmission Monitor ig com- 
posed @f these three units. They are entirely .mechanically ~and 
electrically independent and-operate separately. The complete assembly 
permits. routine daily measurements. of distortion, modulation, noise ~ 
and hum. in the ‘entire station’ or any -part théreof. The ‘price ‘of’ the. 
complete assembly (entirely A-C operated) is $462.00: RA 


Type 733-A Oscillator (top banel) frequency 400 cycles «distortion. 0:4, 
to 0:2 per cent .. , 30 milliwatts output =. -internal output impedance 
adjustable to 50, 500, or“5,000 ohms. Price:-$62:00 


‘Type ¥31:A Modulation Monitor (center panel) meets all of the requirements of thé] 
Federal Communications for this type of equipment... Percentage modulation on 
positive or negative peaks- indicated Continus y on-high-speed meter . . lamp, 
shes when modulation exceeds any pre-determined value te ect percentage / car ief: 
shift during modulation’ is indicated continuously on a d-c meter. Orders for ‘the * 
Typê 731-A Modulation Mohitor are being accepted, if desired, with delivery 
contingent pon -formal approval of the. Commission. Price: $195.00 5 


Type 732-A Distortion and Noise Meter (bottom panel) miéasutes the total harmonic 
distortion and noise-and hum levels present in the output of a transmitter. Distortion in 
the audio system alone tiay be measured up to 3fper-cent. The noise-huni range is.30 db 
to.70 db below the modulated carrier, or'65 db below. an a-f ‘signal of zero level over a 


frequency range of 30 to 10,000 cycles. Price:_$205.00 . ; : 


For Complete Details Write For Bulletin R-382-A 


GENERAL RADIO. COMPANY 
Cambridge Massachusetts 


GEORGE BANTA PUBLISHING COMPANY, MENASHA, WISCONSIN 


